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In the past two decades, the pavement mechanics community have made a significant 
progress in developing mechanistic-based constitutive relationships for asphalt concrete materials, 
flexible airfield pavements, and roadways. However, a number of factors have caused the 
community not to properly adopt and implement these sophisticated constitutive relationships in 
design and refined analysis of asphalt concrete pavements. The lack of straightforward 
experimental and/or analytical procedures to extract the material properties associated with these 
models is the main reason for the community to avoid adopting these sophisticated mechanistic-
based models. Available characterization methods either are over-simplified or require extensive 
laboratory tests and analyses procedures to extract the material properties associated with asphalt 
concrete materials. Furthermore, the immergence of next generation heavy aircraft and heavy 
trucks require such characterization methods to design the experiments and analysis procedures to 
account for high tire contact stresses. This dissertation aims to develop straightforward 
experimental and analytical procedures to characterize coupled viscoelastic, viscoplastic, and 
hardening-relaxation viscoplastic properties of asphalt concrete pavements while maintaining the 
required level of accuracy by incorporating the important factors affecting these mechanisms. 
Therefore, this dissertation proposes laboratory tests and analysis procedures to systematically 
calibrate and validate a comprehensive constitutive material model for asphalt concrete materials. 
The proposed method accounts for multi-axial state of stresses; deviatoric, confinement, and shear 
stress levels; and time-, temperature-, and rate-dependent response of asphalt concrete when 
subjected to high tire pressures. Separate laboratory tests were required to measure and calibrate 
the individual response of asphalt concrete materials at appropriate temperatures and loading rates. 
The proposed characterization methods are then applied to four different asphalt mixtures used in 
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Federal Aviation Administration (FAA)’s National Airport Pavement and Materials Research 
Center (NAPMRC) test sections to evaluate the efficacy of the methods. This dissertation presents 
a straightforward procedure that allows for identification of nonlinear viscoelastic response of 
asphalt concrete. This procedure incorporates the effect of confinement and deviatoric stress levels 
into the analysis procedure along with a laboratory test that can be used systematically to extract 
nonlinear viscoelastic parameters. Furthermore, a straightforward procedure that allows for 
identification of viscoplastic and hardening-relaxation viscoplastic response of asphalt concrete 
materials were proposed. This procedure incorporates the genetic algorithms into the analysis 
procedure to extract viscoplastic and hardening-relaxation viscoplastic properties of asphalt 
concrete materials as one of many engineering optimization problems along with a laboratory test 
that can be used systematically to extract viscoplastic and hardening-relaxation viscoplastic 
response of asphalt concrete materials. The presented tests are mimicking the realistic general 
multi-axial state of stresses observed in a pavement structure. Moreover, rheological properties 
and stress-dependent behavior of modified/unmodified asphalt binders plus Evotherm–M1 
additive were evaluated using multiple stress creep-recovery tests and strain controlled frequency 
sweep tests in different ranges of interest frequencies, temperatures and strains. The test data is 
analyzed to improve the Pavement Analysis using Non‐linear Damage Approach – Airfield 
Pavements (PANDA‐AP) calibration protocol and extract the material properties of asphalt 
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1. Chapter 1: Statement of Research Need 
1.1. Introduction  
One of the largest infrastructure assets in the United States is asphalt concrete pavements 
(1). Trade industries, State Departments of Transportation, and other government organizations 
introduce various methods to design and analyze asphalt concrete pavements. For example, the 
American Concrete Pavement Association (ACPA) StreetPave, the Asphalt Institute SW-1 
Asphalt Thickness Design, Washington DOT and Minnesota DOT pavement design manuals (2), 
the American Association of State Highway Transportation Officials (AASHTO) empirical 1993 
(3) Guide and the FAA’s LEDFAA methodology (4; 5) and Federal Aviation Administration Rigid 
and Flexible Iterative Elastic Layer Design (FAARFIELD) software (6). Yet, empirical relations 
still play a substantial role in design guides and manuals for asphalt concrete pavements design (7-
34). The complex behavior of asphalt mixtures and environmental conditions during their service 
life, however, limit the range of application and validity of such simplified methods and empirical 
relationships make extremely difficult task for pavement engineers to implement sophisticated 
mechanistic modeling and predict the performance of asphalt concrete. 
The mechanical response of asphalt concrete has been identified through different types of 
tests and models (35-50). However, most of these models are developed to predict the responses 
under specific test conditions or to solve a specific design problem. In addition, asphalt concrete 
pavements show highly nonlinear responses under different conditions. Therefore, the realistic 
behavior of asphalt concrete pavements under general three dimensional stress states and realistic 




The response of hot mix asphalt (HMA) is time-, rate-, and temperature-dependent 
according to experimental studies  due to differences between the stiffness of the aggregate and 
the binder, which causes the strain localization in the binder (47; 51-53). Also, other factors 
contributing to the nonlinear behavior of asphalt concrete pavements such as rotation and slippage 
of aggregates and interaction between binder and aggregates during the loading (54-59). Severe 
temperature sensitivity of asphalt concrete pavements lead to substantial changes of the behavior 
with the temperature change (60-64). The combined effects of these phenomena cause the asphalt 
concrete pavements to show nonlinear responses even at very small strain or stress levels, which 
will result in evolution of the permanent deformation under the wheel path; rutting. Fatigue, 
evolution of micro-cracks and micro-voids, and rate-dependent viscoplastic hardening-relaxation 
are other major sources of nonlinearity in the thermo-mechanical response of HMA. 
 
1.2. Background 
The main objective of designing new or managing existing asphalt concrete pavement is to 
characterize the performance or deterioration of asphalt concrete pavements in the future and either 
change the design before being built or allocate the appropriate maintenance and rehabilitation 
funds. Obviously, performance prediction quality will impact on the quality of the corresponding 
service life that consider optimal timing of asphalt concrete pavement maintenance and 
rehabilitation activities (65; 66). This is a substantial concern for transportation industries and 
agencies. Different mechanical, thermal, and environmental effects in the asphalt concrete 
pavements during their life makes it necessary to develop a robust constitutive model to predict 
the response of asphalt mixes in the pavements. Recently, Pavement Analysis using Nonlinear 
Damage Approach (PANDA) was presented as a tool to predict performance of asphalt concrete 
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pavements (67-77). The constitutive model includes constitutive relationships that capture 
responses of asphalt concrete pavements subjected to general mechanical and environmental 
loading conditions. The mechanical part includes Schapery’s nonlinear thermo‐viscoelasticity 
model (78), Perzyna’s thermo‐viscoplasticity model (79), hardening‐relaxation viscoplasticity 
model proposed by Darabi et al. (71), and thermo‐viscodamage model proposed by Darabi et al. 
(74). Schapery’s nonlinear viscoelastic model (78) was used to capture nonlinearity and 
temperature effects on the recoverable component of strain (48; 80-82). The Perzyna’s theory (79) 
with extended modified Drucker-Prager yield surface (83) was applied to represent non-
recoverable component of the strain viscoplastic response (84). The model contains parameters to 
account for the mixture frictional characteristics, hardening, and dilation (48; 85-87). Moreover, 
the constitutive model has been validated against extensive experimental measurements to ensure 
proper model response under complex three-dimensional stress states. 
The aim of developing such a robust constitutive model is to provide a reliable tool for 
pavement engineers to predict the pavement performance. Yet, pavement community is reluctant 
to fully implement this constitutive model due to its complicity, such as large number of loading 
cycles (millions of loading cycles), the complex constitutive model, the complex nature of the 
applied loading conditions, and strain and damage localization phenomena. This raises another 
challenging task: how to make this tool more practical for pavement engineers? This dissertation 
contributes in addressing this question through presenting a clear experimental method and 
characterization technique to extract the material properties. The proper identification of the 
material properties is one of the main steps to more accurately predict the response of asphalt 
concrete pavements using mechanistic-based models; in this case PANDA. As mentioned in the 
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literature, traditional experimental methods may only partially represent the of asphalt concrete 
pavements (88). Examples of such tests are: 
 Static creep test, which is application of a static load to the sample and measurement 
of the viscoelastic and viscoplastic deformation after removing the load, do not 
correlate appropriately with actual pavement rutting measurements (89).  
 Repeated load test at a constant frequency for many repetitions and measurement of 
the viscoelastic and viscoplastic deformation, correlates with pavement rutting 
measurements better than static creep test results (89). As shown in the analysis of 
this test, asphalt concrete pavements experience primary, secondary, and tertiary 
deformation stages in compression, including recoverable (i.e., viscoelastic) and 
irrecoverable (i.e., viscoplastic) deformation with higher rate of accumulation of 
viscoplastic strain at early cycles compare to the preceding cycles. 
 Dynamic modulus tests captures the small portion of permanent deformation, which 
is associated with viscous deformation, but it does not account for viscoplastic 
deformation. 
 Hamburg wheel tracking test can correlate appropriately with pavement rutting 
measurements, however, this test will not provide any significant material 
properties. 
 
Despite the fact that PANDA is the most sophisticated tool to analyze performance of 
flexible pavements using mechanistic approaches instead of the empirical methods, PANDA 
calibration protocol is complicated in both experimental protocol and analytical methods. This 
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dissertation aims to simplify the experimental procedures as well as analytical methods to make 
PANDA more practical for pavement community.  
 
1.3. Literature Review 
Complex states of stress, strain, and environmental conditions will result in different 
mechanical properties of asphalt concrete materials (90). The equilibrium, kinematic, 
compatibility, and constitutive equations are required to characterize asphalt concrete materials. 
These equations will describe the relationships among the various stress components; evaluate the 
strain components in terms of displacements; express the relationship among the several strain 
components; present the relationship between stress, strain, and time in terms of the material 
constants (91; 92). 
 
1.3.1. Asphalt Concrete Materials Properties 
1.3.1.1. Elastic Properties 
Under small stresses most of materials behave approximately elastic and asphalt concrete 
materials are not exception. Considering a simple creep-recovery loading scenario, an immediate 
elastic strain response remains constant while the stress is fixed and the strain response will 
disappear as soon as the load is removed (90; 93) as shown in Figure 1-1. This emphasize on the 
main characteristic of elastic behavior, which is reversibility based on proportional relationship of 




Figure 1-1: Elastic strain responses to a creep-recovery load. 
 
1.3.1.2. Plastic Properties 
To explain the plastic properties of materials, there are some concepts that need to be 
clarify. The first concept is elastic limit, which is the limit for stress. As soon as stress exceed the 
elastic limit, material are no longer elastic and strain does not disappear after removal of the stress, 
which is called inelastic strain (90; 91). For plastic materials, strain will increase for a short period 
of time, then it remains constant as long as the load is constant. This will result in a permanent 





Figure 1-2: Plastic strain responses to a creep-recovery load. 
 
1.3.1.3. Viscoelastic Properties 
Viscoelastic materials are shown instantaneous elastic response under rapid enough loads, 
then a continuous increase of strain at a decreasing rate is expected (91-93). During the unloading 
period, instantaneous elastic recovery is expected as part of continuously decreasing strain. 
Viscoelastic materials are function of rate of stressing such that the higher the stress rate, the larger 





Figure 1-3: Viscoelastic strain responses to a creep-recovery load. 
 
The asphalt mixtures are shown viscoelastic properties, which will change over the time. 
Therefore, asphalt mixtures are time-dependent materials that show both elasticity and viscosity. 
This requires a constitutive equation to account for both time and stress or strain variable. As 
shown in Figure 1-3, the strain response is complicated even under simple creep-recovery load. 
Time is not constant and could not be reversed or eliminated during an experiment. Thus, the 
experimental investigation of the mechanical properties of asphalt mixture is more sensitive 
compare to the independent materials. Quasi-static state tests such as creep-recovery, stress-








1.3.1.4. Creep Response  
A slow continuous deformation of material under constant stress is creep (90; 91). Both 
viscoelastic and viscoplastic response may consider as creep response, which consist of three 
stages as presented in Figure 1-4.   
 
Figure 1-4: Different creep stages. 
Primary creep is the first stage of creep at a decreasing rate. Then, the secondary stage at 
an approximately constant rate will continue. The last stage is tertiary stage at an increasing rate 
until fracture. Total strain (i.e.,  ) could be decompose to the instantaneous elastic strain (i.e., e ) 
and the creep strain (i.e., c ) as shown in Equation 1-1. 
Equation 1-1  
e c     
Differentiating the Equation 1-1 Error! Reference source not found.will result in strain 
rate as shown in Equation 1-2. Considering constant instantaneous elastic strain, strain rate could 
be presented such that: 
Equation 1-2  
( )e c cd d d
dt dt dt
   







1.3.1.5. Recovery Response  
During the unloading time, an instantaneous elastic recovery followed by continuously 
decreasing rate of strain recovery is observed as recovery response (92-94). The time-dependent 
recoverable strain (i.e., strain recovery or delayed elasticity) will change depend on type of 
materials. For example, metals express a very small part of the time-dependent creep strain and 
plastics show a large portion of the time-dependent creep strain as presented in Figure 1-5. 
Moreover, asphalt mixtures have different portion of the time-dependent creep strain based on 
ambient temperature.  
 
 
Figure 1-5: Creep and recovery of different materials. 
 
1.3.1.6. Relaxation Response  
The viscoelastic materials decrease the stress gradually at constant strain (95; 96) as shown 
in Figure 1-6. Asphalt mixtures have time-dependent responses including creep and recovery under 




Figure 1-6: Stress relaxation at constant strain. 
 
1.3.1.7. Linearity Response  
As long as stress is proportional to strain at a given time materials will be classified as 
linear viscoelastic materials, where the linear superposition principle holds (97; 98). Asphalt 
mixtures as a part of materials have shown linear response, which allows application of a linear 
theory with enough level of accuracy under short duration of loading and small deformation. In 
addition, the strain during creep of asphalt mixtures might be decomposed to a time-dependent 
linear and a time-dependent nonlinear part under long loading time, where they experience 
significant level of nonlinearity. 
 
1.3.2. Available Mechanical Models on Viscoelasticity 
There are viscoelastic mechanical models to evaluate viscoelastic response of materials, 
which may consist of different combination of basic rheological elements. As shown in Figure 1-7, 
the basic rheological elements are the Hookeian element (spring) and the Newtonian element 
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(dashpot), which are perfectly elastic and viscous, respectively. Spring stores the applied energy 
as strain energy and dashpot dissipates the applied energy (99; 100). 
 
Figure 1-7: The basic rheological elements, Hookean spring (left) and Newtonian dashpot (right). 
 
Different combination of the basic rheological elements may result in complex rheological 
models to evaluate the viscoelastic response of materials such as Maxwell, Kelvin, and Burger’s 
model. 
 
1.3.2.1. Maxwell Model 
Maxwell presented a model including a spring and a dashpot in series. Based on series 
properties, the stress will remain constant on both elements and equal to the imposed stress but the 
summation of spring and dashpot’s strain will result in total strain of the model (99). Considering 
a single equation for the stress-strain relationship, differentiating the strain equation and then 
writing the spring-dashpot strain rates in terms of the stress will result in Equation 1-3. 





     
Two different scenarios are valid through Maxwell model, including constant stress and 






 . The response will be an instantaneous elastic strain followed by a linearly increasing 
irrecoverable strain (i.e., creep response) as shown in Figure 1-8. Considering constant 
deformation, the rate of strain is zero and the rate of stress is a function of time an exponential 
stress relaxation as presented in Equation 1-4. 
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1.3.2.2. Kelvin (Voigt) Model 
Kelvin presented a model including a spring and a dashpot in parallel. Based on parallel 
properties, the strain will remain constant on both elements but the summation of spring and 
dashpot’s stress is equal to the imposed stress to the model (99). Considering a single equation for 
the stress response will result in Equation 1-5. 
Equation 1-5  
s d E         
Considering the same scenarios, a creep response is expected for constant stress. The strain 
response as presented in Equation 1-6 is obtained by solving the differential equation, where an 
instantaneous response is observed and followed by an exponential approach. 









Considering constant deformation, there is an exponential strain relaxation until the stress 
remains constant as shown in Figure 1-9. The strain response will follow the Equation 1-7. 









Figure 1-9: The Kelvin rheological model. 
 
1.3.2.3. Burger’s Model 
Burger presented a model including Maxwell and Kelvin rheological models in series. As 
shown in Figure 1-10, Burger’s model presents combination of three different strain response (101) 
under a constant stress, including the spring strain response (i.e., spontaneous elastic response), 
Kelvin element strain response (i.e., delayed elastic response), and the dashpot strain response (i.e., 
irreversible creep response) as shown in Equation 1-8. 




















Figure 1-10: The Burger rheological model. 
 
As explained earlier, creep response is the practical response expected from asphalt mixture 
as its viscoelastic response. The Burger rheological model may characterize the creep response. 
Usually, the mathematical formulation of experimental creep curve will be fitted to characterize 
the basic rheological constants for asphalt mixtures.  
 
1.3.3. Available Mechanical Models on Plasticity 
Understanding the starting point of plasticity where the elastic relationship is not valid any 
more is very important stage to characterize the viscoplastic behavior of asphalt mixtures, 
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including yield conditions and strength parameters. There are many yield surface models to 
evaluate the yielding criteria of an asphalt mixture, including Von Mises, Gurson, Bigoni-
Piccolroaz, Mohr-Coulomb model, Drucker-Prager model, Extended Drucker-Prager model, 
Matsuoka-Nakai model, Hierarchical Single-Surface model, etc as shown in Figure 1-11 and 
Figure 1-12. 
 
Figure 1-11: The octahedral profile of several plasticity yield surface models. 
 
1.3.3.1. Mohr-Coulomb Model 
Mohr-Coulomb model presents a yield surface following the Equation 1-9 formulation 
(102) as shown in Figure 1-12 Mohr-Coulomb yield surface is an irregular hexagon on the 
octahedral plane.  
Equation 1-9  tan 0C      
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Considering   as the yield shear stress,   as the normal stress, C as cohesion, and   as 
internal angle of friction for an asphalt mixture.   is a function of aggregate contacts and interlocks 
and C is a function of temperature, strain rate, properties of the asphalt binder, and fine aggregates 
(103).  
  
Figure 1-12: The yield surfaces on octahedral plane (104-106). 
 
1.3.3.2. Drucker-Prager Model 
Drucker-Prager model presents a yield surface following the Equation 1-10 formulation 
(103; 107; 108) as shown in Figure 1-12.  
Equation 1-10  2 1 0 0J I K    
Considering 
2J  as the second deviatoric invariant, 1I  as the first stress invariant,   as 
material property which is function of internal friction angle, and 
0K  as material property that can 
19 
 
be obtained from the cohesion and internal friction angle of an asphalt mixture. Comparing the 
Drucker-Prager yield surface model with the external apices of the Mohr-Coulomb model  and 
0K  are presented as Equation 1-11 and Equation 1-12, respectively (87; 105).  























1.3.3.3. Extended Drucker-Prager Model 
Extended Drucker-Prager model presents a yield surface following the Equation 1-13 
formulation (48; 72; 77; 109; 110) as shown in Figure 1-12.  
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Considering 
3J  as the third deviatoric invariant, 
vpd  as an extension ratio which is the ratio 
of yield strength in extension to that of in compression,   as the strain hardening parameter which 
is a function of viscoplastic strain, and 
0K  as material property that can be obtained from the 
cohesion and internal friction angle of an asphalt mixture. vpd  is a function of the internal angle 
of friction (111; 112) as presented in Equation 1-14. 










Considering the internal angle of friction between 0 to 90 degrees, then the value of vpd
will be between 1 to 0.5. This is a valid statement for asphalt mixture, which specifies the yield 
strength in extension is lower than that of in compression. If the vpd  is equal to one, then the 
extended Drucker-Prager model is similar to the Drucker-Prager model. In order to maintain the 
convexity of the extended Drucker-Prager model, the value of 
vpd  is limited to 0.778 to 1, which 
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correlate to the internal angle of friction between 0 to 22 degrees (85; 113; 114) as presented in 
Equation (14). As shown in Figure 1-12, the extended Drucker-Prager is convex when the internal 
angle of friction is 15° and it is concave when the internal angle of friction is 35°. 
The effect of strain hardening function and temperature on the yield surface expressed as 
Equation 1-15 (115): 
Equation 1-15     0 1 21 expp p          
where p  is the effective viscoplastic strain as shown in Equation 1-16, 0 , 1 , and 2 are 
viscoplastic material parameters; 0 defines the initial yield strength, 0 1  determine the 
saturated yield stress, 0 defines the initial yield strength, and 2  is the strain hardening rate (116; 
117). 













   
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where   is the pressure-sensitivity material parameters which is the slope of the viscoplastic 
potential; and vp
ij
  is the rate of viscoplastic strain tensor. 
 
1.3.4. Empirical Approaches for Characterization of Asphalt Concrete Materials 
Pavement design and analysis started from empirical approaches. Different types of 
experiments have been developed to characterize asphalt concrete materials. For example, 
mechanistic-empirical pavement design guide (MEPDG), American Concrete Pavement 
Association (ACPA) StreetPave, the Asphalt Institute SW-1 Asphalt Thickness Design, 
Washington DOT and Minnesota DOT pavement design manuals (2), the American Association 
of State Highway Transportation Officials (AASHTO) empirical 1993 Guide (2), the FAA’s 
21 
 
LEDFAA methodology (4; 5) and Federal Aviation Administration Rigid and Flexible Iterative 
Elastic Layer Design (FAARFIELD) software (6). Some of them will be briefly discuss as follow. 
Although American Association of State Highway and Transportation Officials 
(AASHTO) have served well for several decades since 1950s, there are serious limitations exist in 
order to pursue this trend as the first priority for pavement design procedures. AASHTO design 
guides (3) are insufficient for the materials, construction techniques and traffic today. Since the 
empirical equations were derived from a single geographic location Road Test on around half a 
century ago, one type of subgrade, one Portland cement concrete (PCC) mixture, and one hot mix 
asphalt (HMA) mixture, two unbound base, and under slightly over one million axle load 
applications (118).  
By applying newer data collected as part of the Long-Term Pavement Performance (LTPP) 
program researchers are interesting in Mechanistic-Empirical Pavement Design Guide (MEPDG) 
as the latest advances in pavement design, which had developed by the National Cooperative 
Highway Research Program (NCHRP) 1-37A project and published by AASHTO (118). The goal 
of the MEPDG is to recognize the physical causes of stresses in pavement structures and calibrate 
them with observed pavement performance. These two parts define this technique to pavement 
design, which “mechanistic” part stand for physical causes, and “empirical” part define by using 
observed performance to determine relationships. The procedure of MEPDG introduces several 
improvements over the current pavement design guide. Obviously, MEPDG is more complex than 
the AASHTO Design Guide (3), because it requires significantly more input parameters from the 
designer that influence pavement performance, including pavement structure, material properties, 




The Federal Aviation Administration Rigid and Flexible Iterative Elastic Layer Design 
(FAARFIELD) software (6) is a computer-based thickness design procedure for both rigid and 
flexible airport pavements. Regarding rigid pavements, the procedure consist of a three-
dimensional finite element analysis of the rigid pavement system and a performance model based 
on failure criteria of full-scale traffic tests results from the National Airport Pavement Test Facility 
and a re-analysis of historical full-scale tests conducted by the U.S. Army Corps of Engineers prior 
to the 1970s. Regarding flexible pavements, FAARFIELD applies the same structural response 
and failure models as LEDFAA (4; 5). Layered elastic analysis programs such as LEDF always 
assume continuous, uniform layers with no interruptions (e.g., no joints). LEDFAA compensates 
for this with the “equivalent edge stress” approach, but this is theoretically unsatisfactory and is 
not extendable to new aircraft types. 
 
1.3.5. Constitutive Models for Characterization of Asphalt Concrete Materials 
Pavement design and analysis have gradually moved from empirical approaches to 
mechanistic principles. Different types of experiments and mechanistic-based models have been 
developed to characterize asphalt concrete materials. Some of them will be briefly discuss as 
follow.  
Tashman (119) has developed an isotropic viscoplastic continuum damage model 
considering the permanent deformation of asphalt concrete materials at high temperatures. This 
model is based on Perzyna type viscoplasticity theory along with modified Drucker-Prager yield 
surface. He modified the Drucker-Prager yield surface to consider dependency of strain rate and 
confining level, dilation, aggregate friction, anisotropy, and damage. To validate his constitutive 
models he used experimental measurements from the Federal Highway Administration (FHWA) 
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Accelerated Loading Facility (ALF), including a comprehensive set of compressive triaxial tests 
with different confinement levels and strain rates. 
Saadeh (120) has developed a damage viscoelasticity model considering the Schapery’s 
viscoelasticity model (78) along with Perzyna’s viscoplasticity model (79) for asphalt concrete 
materials. The recoverable response (i.e., viscoelastic) was obtained using Schapery’s viscoelastic 
constitutive relationship and the irrecoverable response (i.e., viscoplastic) was characterized by 
the Perzyna’s viscoplastic relationship. Using the Saadeh’s anisotropic damage viscoelastic-
viscoplastic model, asphalt concrete materials performance under a wide range of temperatures, 
loading rates, and stress states were evaluated. A set of experimental testing such as triaxial 
repeated creep and recovery and monotonic constant strain rate tests were conducted to quantify 
the recoverable and irrecoverable response. 
Dessouky (116) has developed an elastic-viscoplastic continuum model to predict asphalt 
concrete materials performance considering the effects of microstructure distribution in modelling 
the macroscopic behavior of asphalt concrete materials. The model included a modified Drucker-
Prager yield surface to capture the impact of stress path direction on material response, and 
material parameters, which reflect the directional distribution of aggregate and damage density in 
the microscale. 
Researchers at North Carolina State University (94; 121-124) have developed a 
performance-related specifications based on viscoelastoplastic continuum damage (VEPCD) 
models to characterize asphalt concrete materials response. They believe the performance of 
asphalt concrete pavement is closely related to the performance of asphalt concrete. To predict the 
performance of asphalt concrete with reasonable accuracy, a better understanding of its 
deformation behavior under realistic conditions is required. Various critical phenomena such as 
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microcrack-induced damage that is critical in fatigue modeling, strain-rate temperature 
interdependence, and viscoplastic flow, which is critical for high temperature modeling. The 
resulting model is termed the viscoelastoplastic continuum damage model. However, they 
mentioned to consider the complicated nature of in-service stress states, a multidimensional model 
is needed. To predict the performance of the real pavement structures, it is also important to 
incorporate the material model in a pavement model that considers the vehicle and climatic loads 
as well as the boundary conditions; the in-house finite element package has been developed for 
this purpose. 
Researchers at Texas A&M university (69; 71-74; 77; 125; 126) have developed an 
advanced mechanistic-based approach to predict rutting and fatigue damage of asphalt concrete 
materials subjected to multiaxial state of stresses and realistic environmental conditions that 
actually occur in the field. Pavement Analysis using Nonlinear Damage Approach (PANDA) was 
presented to implement those approaches in a user-friendly package, integrate it to stand-alone 
PANDA, and make it easy for an average pavement engineer to use developed characterization 
procedure. 
 
1.3.5.1. Advantages of PANDA 
 PANDA is a robust comprehensive mechanistic-based modeling approach, which predict 
the response of asphalt concrete materials subjected to multiaxial state of stresses and 
realistic environmental conditions that actually occur in the field. PANDA accounts for 
viscoelastic (VE), viscoplastic (VP), viscodamage (VD), micro-damage healing, moisture 
damage, and oxidative aging constitutive relationships.  
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 PANDA accounts for the interactions and coupling behavior of different components of 
constitutive relationships that enhance the model prediction of asphalt concrete materials 
performance.  
 Evolution functions of PANDA are coupled with other components of the model to 
consider the effect of moisture damage and oxidative aging on performance of asphalt 
concrete materials. Therefore, it is able to obtain the changes in the failure mode along with 
the location of crack initiation due to aging effects or moisture presence.  
 PANDA is capable of investigating the asphalt concrete materials constituents on 
performance of asphalt mixtures. An average pavement engineer will use the stand-alone 
PANDA to analyze and predict the performance of asphalt mixtures by checking various 
material combinations and selecting most cost-effective materials for a proposed project. 
 
1.3.5.2. PANDA Research Efforts 
Asphalt concrete materials have shown time- rate- and temperature-dependent 
performance, which is VE, VP, VD, and micro-damage healing responses. In 2008, Huang (126) 
developed a nonlinear viscoelastic-viscoplastic model to evaluate the response of asphalt concrete 
materials under different conditions. The model applied Schapery’s nonlinear viscoelastic theory 
as recoverable response while used Perzyna’s viscoplastic theory along with modified Drucker-
Prager yield surface as irrecoverable response. Moreover, a new method to decompose the total 
response of the asphalt concrete materials to recoverable and irrecoverable responses was 
developed. The Huang’s model was presented in finite element package (i.e., ABAQUS) by 
UMAT to evaluate fatigue and rutting distresses of asphalt concrete materials. 
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In 2011, Darabi (125) developed a thermodynamic-based framework to predict thermo-
viscoelastic, thermo-viscoplastic, thermo-viscodamage, and micro-damage healing constitutive 
relationships of asphalt concrete materials. Moreover, a hardening-relaxation model to evaluate 
the viscoplastic hardening and relaxation response of asphalt concrete materials subjected to cyclic 
loading was developed. The proposed robust constitutive relationship is also called Pavement 
Analysis using Nonlinear Damage Approach (PANDA), which is validated with comprehensive 
experimental set of tests, including dynamic modulus, creep-recovery, constant strain rate tests in 
both tension and compression modes of loading. PANDA model is capable to capture time- rate- 
and temperature-dependent performance of asphalt concrete materials subjected to different 
loading conditions. 
In 2012, Abu Al-Rub et al. (127) evaluated the effects of repeated loading patterns on 
performance of asphalt concrete materials by applying different finite element constitutive material 
modelling. These robust models consider coupling techniques of PANDA’s constitutive 
relationships, including elasto-viscoplastic, viscoelastic-viscoplastic, and viscoelastic-
viscoplastic-viscodamage to predict rutting performance of asphalt concrete materials. Moreover, 
different 2D and 3D modelling techniques under pulse and equivalent loading were applied to 
estimate and compare the rutting predictions in asphalt concrete materials. 
In 2013, You (128) developed the 2D and 3D methods to represent the microstructure of 
asphalt concrete materials, considering coupled thermo-viscoelastic, thermo-viscoplastic, and 
thermo-viscodamage constitutive model. X-ray computed tomography images were captured to 
generate 2D representative volume elements based on identifying three phases of aggregate, 
matrix, and interfacial transmission zone (ITZ). The effect of aggregate shape, distribution, volume 
fraction, ITZ strength, strain rate, loading rate, loading type, and temperature on the asphalt 
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concrete materials were investigated by applying the 2D and 3D microstructural modelling. 
Moreover, the finite element nonlinear constitutive analysis and X-ray results were integrated to 
capture the microstructural properties and the macroscopic response of asphalt concrete materials. 
In 2013, Shakiba (129) developed a Continuum Moisture-Mechanical Damage Mechanics 
(CMMDM) theory based on  physical constitutive relationships, the principle of virtual power, and 
laws of thermodynamics to simulate the moisture degradation effect, and the induced moisture 
damage of asphalt concrete materials. Moreover, proposed model were implemented in PANDA 
to capture moisture damage effect on asphalt concrete materials performance. The microstructural 
response of asphalt concrete materials considering both effect of moisture diffusion and traffic 
loading were predicted through 2D and 3D micromechanical evaluations. 
In 2015, Rahmani (130) evaluated oxidative aging damage based on mechanistic aging 
constitutive relationship on asphalt concrete materials. The thermodynamical change in 
mechanical and macroscopic properties of asphalt concrete materials were simulated through an 
evolution function based on continuum theory on oxygen content, temperature, and level of aging 
at a certain time. Therefore, the aging state variable was added to Schapery’s viscoelastic model 
and implemented in PANDA. 
In 2016, Awed (88) conducted a set of experiments to characterize the resistance of asphalt 
concrete materials to rutting. The experiments were conducted on Fine Aggregate Matrix (FAM), 
Coarse Aggregate Matrix (CAM), and dense-graded mixture (DGM). The material properties 
associated with the PANDA models were extracted through a wide range of experiments, including 
dynamic modulus (DM), repeated creep-recovery test at variable stress level (RCRT-VS), uniaxial 
constant strain rate in compression (UCSR-C). Moreover, the effect of different temperatures, 
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confinement level, air void content, aging level, and asphalt mixture type on asphalt concrete 
materials response were investigated.  
Considering the fact that PANDA was developed based on a set of robust comprehensive 
mechanistic-based modeling approaches during the past decade, it still needs more effort to make 
PANDA practical for an average pavement engineer. Appreciating all of the efforts that TAMU 
researchers have put to develop the models, they have not spend enough time on the process 
simplification. Therefore, pavement community has been reluctant to implement these robust 
constitutive models. This bring an important task for us to make the PANDA more practical for an 
average pavement engineer to implement those models in a user-friendly package and integrate it 
to stand-alone PANDA. 
 
1.4. Problem Statement 
Currently, there is a rapid expansion in aviation industry and airline companies are striving 
to improve their operations to remain profitable. Recently, the introduction of the super-sized 
aircraft such as Airbus A-380 and Boeing 787 are expected to lower operating costs, which is 
indeed welcomed by the aviation industry. The new challenges to the airfield pavement engineers 
is to assess existing pavements and to design new ones that can withstand the high tire pressure of 
the heavy aircraft. In fact, the current method of designing airport pavements should be modified, 
because comparing existing aircraft to future aircraft, which will use a different landing gear 
configuration with significantly higher tire pressures than those in the past. To address this issue, 
the FAA has conducted several full-scale tests using the world’s largest Heavy Vehicle Simulator 
(HVS), these full-scale tests are extremely expensive, time-consuming, and the results will be 
applicable only to the conditions at which the tests were conducted. Other than the full-scale tests, 
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the other available tool to design airfield pavements is FAARFIELD. FAARFIELD is based on 
elastic analysis and uses transfer functions to predict pavements response to aircraft tire pressures. 
Our research team at the University of Kansas (KU) along with our collaborators at the Texas 
A&M University (TAMU) have developed a constitutive relationship to predict the behavior of 
airfield pavements, using state-of-the-art computational tools and techniques. The developed 
models and computational tools will be far less expensive than actual full-scale tests and applicable 
to different tire pressures, gear configurations, and environmental conditions. To achieve the best 
results and to ensure the adoption of the model, the model calibration procedure and protocol 
should be simple/doable and clear. This dissertation proposes: a) a set of tests that can be conducted 
by airfield engineers using the conventional laboratory equipment; b) a straightforward analysis 
procedure that can be followed to extract the material properties as related to the desired 
mechanism; and c) automation of the analysis to encourage the adoption of the constitutive 
relationship and model, i.e. PANDA-AP. 
 
1.5. Research Objective 
The main difference between mechanistic-based pavement modelling and simplistic 
empirical approach is the structural response model and the material characterization procedure, 
which both are basic components of mechanistic-based modelling of pavements. To be more 
precise, the structural response model addresses the prediction of stresses and strains in the 
pavement, which will be used for distress and performance predictions. The material 
characterization, on the other hand, determines the level of accuracy of the simulated distress and 
performance. Initiation and evolution of pavement distress and the couplings between different 
distress mechanisms should be accounted for in both the model and the characterization technique. 
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Therefore, the material characterization model should be developed while all distresses at the 
material level are incorporated. The major distresses in asphalt pavement are rutting, fatigue 
cracking, and thermal cracking. 
The overall objective of my doctoral degree in civil engineering at KU is to 
develop/implement straightforward algorithms to characterize material properties associated with 
the PANDA-AP models and the Superpave performance models system. This procedure will 
require the necessary models and the necessary supporting laboratory test protocols to determine 
the required material parameters. I conducted laboratory experiments on asphalt binders and 
mixtures used in FAA’s NAPMRC test sections to identify and calibrate PANDA-AP parameters.  
 
1.6. Research Approach 
The overall objectives of this research are to develop experimental and analytical methods 
to simplify the characterization of the response of asphalt concrete pavements, determine the 
parameters of the PANDA models for various types of mixtures and under different loading 
conditions. This research may assist in the development of such an approach. It worth mentioning 
that this dissertation is organized following the research paper format. Chapters 3, 4, and 5 are 
research papers that have been or will be submitted to prominent journals in this field of study. 
The objectives are achieved through the following tasks: 
1. Literature review and problem statement: includes a thorough literature review on 
the state of knowledge on the behavior of asphalt concrete, related lab experiments, developed 
models, and characterization techniques. Followed by the objectives, purposes, introductory 
discussion, and scope of this research. 
2. Materials and testing procedures: Develop/propose laboratory tests that should be 
conducted to systematically calibrate PANDA-AP model. Different test protocols were 
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developed/conducted to determine the appropriate model parameters. I conduct the laboratory tests 
for four different mixtures used in NAPMRC test sections: I traveled to Texas A&M University to 
conduct the designed laboratory tests for four asphalt mixes used in FAA’s NAPMRC test sections. 
The experimental tests were conducted in multiaxial compression/tension setup, using accurate set 
of equipment and tools, such as Asphalt Mixture Performance Tester (AMPT), Universal Testing 
Machine (UTM), Materials Testing Systems (MTS), triaxial cell, environmental chamber, and 
axial and radial deformations by axial and radial LVDTs. 
3. Present a systematic procedure to determine nonlinear viscoelastic properties: 
develops a straightforward laboratory test and analysis procedure that incorporates the effect of 
confinement and deviatoric stress levels and allows for identification of nonlinear viscoelastic 
response of asphalt concrete, while mimicking the realistic stress states observed in a pavement 
structure.  
4. Present a systematic procedure to determine viscoplastic and hardening-relaxation 
properties: develops a straightforward laboratory test and mechanistic-based model that 
incorporates the Genetic Algorithms (GAs) and allows for identification of viscoplastic and 
hardening-relaxation viscoplastic response of asphalt concrete pavements as one of many 
engineering optimization problems, while mimicking the realistic multi-axial state of stresses 
observed in a pavement structure. 
5. Evaluate the effect of Evotherm–M1 on stress-dependent behavior and rutting 
resistance of modified/unmodified asphalt binders: the multiple stress creep recovery (MSCR) and 
strain controlled frequency sweep (FS) tests will be performed using dynamic shear rheometer 
(DSR), along with the extraction of master curve of all four types of asphalt binders used in FAA’s 
NAPMRC test sections. Master curve will be extracted to characterize phenomenological behavior 
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of asphalt binders under dynamic shear loading in ranges of frequency, temperature and strain of 
interest. In addition, the non-recoverable creep compliance and the percentage recovery values 
were calculated at each cycle. 
6. Conclusions and future work: the summary of effort, conclusions, and 
recommendations obtained from this research. 
Table 1-1 presents the progress of the tasks. 
Table 1-1: Timeline of the tasks. 
 
1.7. Research Summary 
This research is part of a FAA’s Grant awarded to our research team at KU along with our 
collaborators at TAMU to develop/customize a constitutive relationship that can be used to predict 
the response of airfield pavements using state-of-the-art computational tools and techniques. The 
emphasis of this dissertation is to develop/implement straightforward algorithms to systematically 
extract material properties associated with the PANDA‐AP models, which requires laboratory tests 
as well as the procedure to analyze the data and identify the PANDA‐AP parameters. These 
accurate and practical analysis procedures will result in more user-friendly evaluation and design 
of flexible pavements. These procedures will be thoroughly documented in this dissertation. The 
main conclusions that have been achieved are as follows:  
 Chapter 2 of the dissertation: The designed repeated creep-recovery tests at various 





















































































































the response of asphalt concrete airfield pavements. These tests can be conducted 
with minimum training by airfield engineers.  
 Chapter 3 of the dissertation: 
  The proposed procedure in chapter 3 along with the dynamic modulus and 
RCRT-VS tests can be used effectively to characterize nonlinear 
viscoelastic responses of asphalt concrete materials as well as time-
temperature shift factors. 
 The nonlinear viscoelastic properties are highly correlated to the triaxiality 
ratio that accounts for confinement pressure, deviatoric stress level, and 
multi-axial stress states. The proposed triaxiality ratio can be used to 
simulate the nonlinear response of pavements under traffic when specific 
locations in pavement structures are subjected to general multi-axial state 
of stresses. 
 Chapter 4 of the dissertation: The proposed GAs procedure in the chapter 4 along 
with the dynamic modulus, RCRT-VS, UCSR-C, and RCRT-CLR can be used to 
characterize VP and HR viscoplastic responses of the asphalt concrete materials. 
The proposed procedure significantly improves the accuracy of the model 
parameters of asphalt concrete at high temperatures subjected to cyclic-
compression loading; 
 Chapter 5 discusses the effect of addition of Evotherm-M1 on both types of 
modified (i.e., PG 76-22) and unmodified (i.e., PG 64-22) virgin binders used in 
FAA’s NAPMRC test sections. It was shown that Evotherm-M1 will result in more 
HR viscoplastic strain (i.e., an increase in the rutting potential with decrease in 
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mixing and compaction temperatures). The result is consistent with the traffic tests 
results conducted by FAA on NAPMRC flexible pavement test sections (131);  
 The asphalt binder materials used in FAA’s NAPMRC test sections can be ranked 
with respect to their resistance to rutting as followed:  
 Polymer modified PG 76-22,  
 Polymer modified PG 76-22 plus Evotherm-M1,  
 Unmodified PG 64-22, and  
 Unmodified PG 64-22 plus Evotherm-M1. 
 
1.8. Conclusions 
Asphalt concrete materials have shown time- rate- and temperature-dependent 
performance, which is VE, VP, H-R, VD, and micro-damage healing responses. Moreover, 
complex mechanical behavior of asphalt concrete materials is observed under general traffic 
loading and environmental conditions. As briefly presented in this chapter, there are many research 
efforts, which are experimentally or mechanically evaluate the general behavior of asphalt concrete 
materials. Experimental efforts such as mechanistic-empirical pavement design guide (MEPDG), 
American Concrete Pavement Association (ACPA) StreetPave, the Asphalt Institute SW-1 
Asphalt Thickness Design, Washington DOT and Minnesota DOT pavement design manuals, the 
American Association of State Highway Transportation Officials (AASHTO) empirical 1993 
Guide, the FAA’s LEDFAA methodology, and FAARFIELD software are developed using very 
expensive and time consuming process. The experimental methods are only applicable to the 
loadin and environmental conditions on which they are developed for. On the other hand, 
mechanistic based modeling such as performance-related specifications based on 
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viscoelastoplastic continuum damage (VEPCD) and Pavement Analysis using Nonlinear Damage 
Approach (PANDA) are developed using robust constitutive modeling process. The mechanistic 
based methods need more effort to make them practical for an average pavement engineer. 
Researchers have to spend more time on the simplification of the process to implement those 
methods in a user-friendly package.  
PANDA is the comprehensive product of several researchers at TAMU, which is capable 
of analyzing the performance of asphalt concrete materials based on nonlinear damage approach. 
It compares the utility of several material constituent combinations to capture the effect of material 
components on mechanical response of asphalt concrete materials. Various environmental 
conditions are required to evaluate the sensitivity of model parameters. To perform these 
investigations, robust experimental tests and standard analytical methods are required to determine 
PANDA parameters and calibrate its models, which might not be practical for an average pavement 
engineer. This dissertation aims to simplify the experimental procedures as well as analytical 
methods to make PANDA more practical for pavement community. The emphasis of this 
dissertation is to develop/implement straightforward algorithms to systematically extract material 
properties associated with the PANDA models, which requires laboratory tests as well as the 
procedure to analyze the data and identify the PANDA parameters. These accurate and practical 
analysis procedures will result in more user-friendly evaluation and design of flexible pavements 







2. Chapter 2: Materials and Testing Procedures 
2.1. Abstract 
This chapter proposes materials and procedures used to characterize the response of asphalt 
concrete materials. The simplified procedure allows for easy implementation of required tests to 
characterize responses of asphalt concrete materials, including specimen fabrication and 
instrumentation, test setup, laboratory techniques, and protocols. First, different type of materials 
including aggregate, binders and additives used in FAA’s NAPMRC test sections is presented. 
Then, sample preparation procedures for five different test required to calibrate PANDA protocol 
are presented, including a robust experimental setup to control temperature, confinement level, 
loading stress, and rate of loading. Furthermore, five different test procedures including dynamic 
modulus tests, repeated creep-recovery tests at variable deviatoric stress levels (RCRT-VS), 
repeated creep-recovery tests at constant loading and rest time (RCRT-CLR), uniaxial constant 
strain rate in compression (UCSR-C), and uniaxial constant strain rate in tension (UCSR-T) were 
elaborated. It should be mentioned that dynamic modulus tests are performed according to 
AASHTO T342 (132; 133) and the rest of the test procedures were developed/simplified to 
characterize the response of asphalt concrete materials by the author and his collaborators. These 
tests mimicking the realistic conditions that may happen for any element of pavement structure 
under traffic. Also, the laboratory tests required to determine rheological properties and stress-
dependent behavior of modified/unmodified asphalt binders including, multiple stress creep 
recovery (MSCR) and strain controlled frequency sweep (FS) tests by short-term aged asphalt 







In this study, four different asphalt mixtures used in FAA’s NAPMRC test sections were 
investigated. The aggregate blend was the same for all four mixtures according to the job mix 
formula (JMF). This aggregate blend included 30% #57 stone, 26% #8 stone, 36% #10 stone, and 
8% natural sand. These aggregates were used as a surface course with a nominal maximum 
aggregate size of 19 mm. The sieve analysis and mixture gradation were summarized in Table 2-1, 
Table 2-2, and Table 2-3 as well as Figure 2-1. Moreover, the Fineness Modulus of aggregates 
were calculated based on standard test method for sieve analysis of fine and coarse aggregates 
(134; 135). 


























#57 aggregate-at KU lab
#57 aggregate-JMF
#8 aggregate-at KU lab
#8 aggregate-JMF
#10 aggregate-at KU lab
#10 aggregate-JMF
1 3/4 1/2 3/8 #4 #8 #16 #30 #50 #100 #200
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Table 2-1: Sieve Analysis of #57 stone based on ASTM C136/C136M (134) and AASHTO T 27 (135). 
Sieve 
Size 









Passing %Passing %Passing %Retained 
1 40 0.55 0.55 7211 99.45 100 0 -0.55 0.55 
0.75 1220 16.83 17.38 5991 82.62 82.1 17.9 0.52 -1.07 
0.5 3240 44.68 62.06 2751 37.94 34.1 48 3.84 -3.32 
0.375 1680 23.17 85.23 1071 14.77 12.9 21.2 1.87 1.97 
#4 820 11.31 96.54 251 3.46 3.6 9.3 -0.14 2.01 
#8 141 1.94 98.48 110 1.52 2.6 1 -1.08 0.94 
#16 30 0.41 98.90 80 1.10 2.3 0.3 -1.20 0.11 
#30 20 0.28 99.17 60 0.83 2.1 0.2 -1.27 0.08 
#50 20 0.28 99.45 40 0.55 1.9 0.2 -1.35 0.08 
#100 20 0.28 99.72 20 0.28 1.7 0.2 -1.42 0.08 
#200 10 0.14 99.86 10 0.14 1.5 0.2 -1.36 -0.06 




7.57 Miss 19 (g) 0.26 <0.3 OK Sample 7270 
 
Table 2-2: Sieve Analysis of #10 stone based on ASTM C136/C136M (134) and AASHTO T 27 (135). 
Sieve 
Size 









Passing %Passing %Passing %Retained 
1 0 0.00 0.00 4153 100.00 100 0 0.00 0.00 
0.75 0 0.00 0.00 4153 100.00 100 0 0.00 0.00 
0.5 0 0.00 0.00 4153 100.00 100 0 0.00 0.00 
0.375 3 0.07 0.07 4150 99.93 99.9 0.1 0.03 -0.03 
#4 80 1.93 2.00 4070 98.00 90.5 9.4 7.50 -7.47 
#8 1100 26.49 28.49 2970 71.51 59.2 31.3 12.31 -4.81 
#16 1200 28.89 57.38 1770 42.62 36.8 22.4 5.82 6.49 
#30 790 19.02 76.40 980 23.60 22.7 14.1 0.90 4.92 
#50 520 12.52 88.92 460 11.08 14.5 8.2 -3.42 4.32 
#100 260 6.26 95.18 200 4.82 10 4.5 -5.18 1.76 
#200 140 3.37 98.56 60 1.44 7.5 2.5 -6.06 0.87 










Table 2-3: Sieve Analysis of #8 stone based on ASTM C136/C136M (134) and AASHTO T 27 (135). 
Sieve 
Size 









Passing %Passing %Passing %Retained 
1 0 0.00 0.00 5204 100.00 100 0 0.00 0.00 
0.75 0 0.00 0.00 5204 100.00 100 0 0.00 0.00 
0.5 4 0.08 0.08 5200 99.92 100 0 -0.08 0.08 
0.375 280 5.38 5.46 4920 94.54 96.3 3.7 -1.76 1.68 
#4 3710 71.29 76.75 1210 23.25 33.4 62.9 -10.15 8.39 
#8 890 17.10 93.85 320 6.15 8.6 24.8 -2.45 -7.70 
#16 180 3.46 97.31 140 2.69 5 3.6 -2.31 -0.14 
#30 60 1.15 98.46 80 1.54 3.9 1.1 -2.36 0.05 
#50 20 0.38 98.85 60 1.15 3.3 0.6 -2.15 -0.22 
#100 20 0.38 99.23 40 0.77 2.8 0.5 -2.03 -0.12 
#200 20 0.38 99.62 20 0.38 2.5 0.3 -2.12 0.08 




5.70 Miss 6 (g) 0.08 <0.3 OK Sample 5210 
 
2.2.1.1. Step by Step Guide Line for Preparing Aggregate 
 Dry, sieve and store all the required aggregate. 
 Determine the specific gravity and absorption of fine aggregate and coarse 
aggregate based on AASHTO T 84 (136) and T 85 (137), respectively. 
 Conduct plastic fines in graded aggregates by use of the sand equivalent test based 
on AASHTO T 176 (138) for composite aggregate. 
 Conduct standard test method for flat particles, elongated particles, or flat and 
elongated particles in coarse aggregate mix based on ASTM D4791 (139). 
 Conduct uncompacted void content of fine aggregate test based on AASHTO T 304 
(140). 
 Conduct course angularity or crash bound test for determining the percentage of 




The binders used in this study were graded as polymer modified PG 76-22 and unmodified 




In this research, Evotherm-M1 additive were provided to study the rheological properties 
and stress-dependent behavior of modified/unmodified asphalt binders. In addition, two type of 
binders were provided such that polymer modified PG 76-22 plus 0.5% Evotherm–M1 and 
unmodified PG 64-22 plus 0.4% Evotherm–M1 according to JMF. Table 2-4 summarize the 
classification of both binders according to job mix formula (JMF) based on AASHTO M 320 (142) 
specifications using AASHTO T 228 (145), AASHTO T 48 (146),  AASHTO T 316 (147), 




Table 2-4: Classification of modified/unmodified binders plus Evotherm-M1 additive. 
 
 
Understanding some basic facts about Evotherm technology is important to use it 
successfully in asphalt concrete mixtures. Evotherm is a water-free warm mix asphalt (WMA) 
technology designed to allow the production and compaction of high quality asphalt concrete at 
temperatures 50 ºF to 90 ºF lower than conventional HMA. Evotherm WMA enables asphalt to 
coat aggregate at reduced temperatures while also lubricating the mix to improve workability and 









Specific Gravity @ 77°F 1.037 1.033 °API
Specific Gravity @ 60°F 1.043 1.037 Calculation 
API Gravity @ 60°F 4.1 5 Calculation 
LBS/GAL 8.691 8.635 Calculation 
AASHTO T48 Flash Point 293 274 °C Min 230
Viscosity @ 135°C 1.215 0.423 Pa.s Max 3.0
Viscosity @ 165°C 0.303 0.123 Pa.s Report
Lab Mixing Temp °C, min 157 153 °C Calculation 
Lab Mixing Temp °C, max 163 159 °C Calculation 
Lab Compaction Temp °C, min 152 142 °C Calculation 
Lab Compaction Temp °C, max 157 147 °C Calculation 
ODSR Test Temp 76 64 °C
G*/sinδ 1.2 1.49 kPa Min 1.00
AASHTO T240 Mass Change -0.224 -0.111 Wt% Max +/-1.0
ODSR Test Temp 76 64 °C
G*/sinδ 2.54 3.92 kPa Min 2.20
PDSR Test Temp 31 25 °C
G*sinδ 2388 3130 kPa Max 5000
BBR Test Temp -12 -12 °C
Creep Stiffness @ 60 sec 266 180 MPa Max 300












water sensitivity issues. Any asphalt using Poly Phosphoric Acid (PPA) or any type of phosphate 
cross linking agent will utilize either Evotherm R1 or S1. All other asphalts will utilize J1 or M1. 
In this study, Evotherm-M1 provided by Ingevity were used based on JMF as shown in Figure 2-2.  
 
2.2.3.1. Benefits of Evotherm 
 Evotherm requires no equipment changes at the plant or job site. To reduce mix 
temperatures, the water-based Evotherm is metered into existing materials. 
 Evotherm mixes have the same aggregates, volumetric and binder content as 
traditional hot mixes. 
 Temperature and energy requirements are lower with Evotherm. 
 Evotherm drops into existing HMA’s JMF. 
 Workability and compaction at reduced temperatures are easier than HMA, 
especially for coarse mixes and polymer modified asphalts. 
 Traffic is returned immediately after compaction. 
 Evotherm binder performance matches or surpasses the qualities found in new 
HMA. 






Figure 2-2: Evotherm-M1 from Ingevity used in NAPMRC sections based on JMF. 
 
2.3. Mixtures 
The testing was conducted on two HMA containing 6% PG 76-22 and PG 64-22 binders, 
and two WMA containing 6% PG 76-22 and PG 64-22 binders with 0.5% and 0.4% Evotherm-
M1, respectively, as the additive in accordance with AASHTO standard T 312 (151). Table 2-5 





Table 2-5: Properties of asphalt mixtures used in NAPMRC test sections based on JMF. 
Material Source 
Percent used in final 
aggregate blend 
Bulk Specific Gravity  
(Gsb)  
























PG 76-22 1.033 2.477 
 
The mixing and compaction temperatures for all mixtures were illustrated in Table 2-6 
based on JMF from FAA’s NAPMRC test sections. 
 
Table 2-6: Mixing and compaction temperature for the all mixtures were used in NAPMRC sections based on JMF 
Mixture  Binder Mixing temperature Compaction temperature 
HMA PG 76-22 160°C (320°F)  152.2°C (306°F)  
PG 64-22 154.4°C (310°F)  141.1°C (286°F)  
WMA PG 76-22 135°C (275°F)  129.4°C (265°F) 
PG 64-22 135°C (275°F)  129.4°C (265°F)  
 
2.3.1. Step by Step Guide Line for Rice or Maximum Specific Gravity AASHTO T 209 
(152) 
 Put the required aggregate in the oven for preconditioning. 
 Using gloves and fork, carefully, pick up the exact amount of binder from the 
oven.  
 Pick the coarse aggregate out of the oven and mix the binder with them properly, 
using bucket mixer. Then, add the fine aggregate to the mix. 
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 Make sure all particles of aggregate and binder are in the bowl and do not waste 
them on the equipment. Put the bucket mixer equipment in to the oven after 
usage. 
 Place the mix in the pan and put it in the oven with compaction temperature for 
two hours aging. Stir the mix after 60±5 minutes to ensure uniform aging. 
 Check the weight of the bowl to make sure do not wasting the material. The 
weight of bowl should be the same as its weight at the beginning of the 
experiment. 
 Use binding sheet or accumulative batch, which include of the number of the 
aggregate and the related weight, to make an actual specimen of aggregates for 
maximum specific gravity test. 
  Take the sample out of oven and spread it up on the surface of the table. Make 
sure you have all of the aggregate and binder and use gloves and fork. Leave it for 
at least 15 minutes. 
 Break the specimen and make sure there is no big particle and no fine aggregate 
stock together. Some of them might still be hot. Be careful about your hands. 
 Put the specimen into the pycnometer. Do not lose any of it. 
 Weight it and register the weight as the dry weight of the mix. 
 Put it into a water bath, controlled temperature 77 °F or 25 °C, and fill the sample 
of water.  
 Put the sample with pycnometer on the vibrating table. Then, apply a vacuum, 
which stay between 25.5±2.5 mm, to it. Leave it for at least 15 minutes. 
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 Remove the vacuum from the sample. Then, open it very slowly in order to avoid 
disturbing the mix. 
 Suspend it into the water on balance for ten minutes, using tachometer. 
 Weight the sample and register the weight of the mix. 
 Use the required calculation to achieve maximum specific gravity according to 
AASHTO T 209 (152). 
After these tests, maximum specific gravity, bulk specific gravity could be calculated, 
which result in calculating voids in mineral aggregate (VMA) and air void (AV) of asphalt content. 
 
2.3.2. Step by Step Guide Line for Preparing Mixtures 
Having volumetric mix design in hand, follow the steps, such that: 
 Pick up the exact amount of required aggregate based on volumetric mix design. 
 Put the required aggregate and binder in the oven for two hours preconditioning at 
mixing temperature. 
 One hour prior to compaction, place the mold, plates, spoon, and spatula in the oven 
at compaction temperature. 
 Using gloves and fork, carefully, pick up the exact amount of binder from the oven. 
 Pick course aggregate up and mix the binder with them, then pick the fine aggregate 
up and add them to the mix. Mixing will take almost 2-5 minutes and make sure 
aggregate does not attach to the bowl. 
 Put the specimen and mold into the oven with compaction temperature for two 
hours cure time. Stir the mix after 60±5 minutes to ensure uniform aging. 
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 Make second sample for Gyratory compactor by following the same steps. (In order 
to reach a data point two samples are required.) 
 Set the compaction pressure, angle, and gyration speed to the proper values. For 
ServoPac, set Nmax to 500. Set the height to the target value. 
 After cure time, use the thermometer to take the temperature of the mix. If 
compaction temperature is higher than 135°C, heat the mix in the oven at 12 °C 
higher than compaction temperature for no more than 30 minutes. Remove the mix 
when it reaches a temperature higher than compaction temperature by 3 or 4 
degrees. 
 Take gyratory specimen, mold, plates, spoon, and spatula out of the oven. 
 Put a paper desk on the bottom and funnel on the top of mold. 
 Try to transfer all the material in to the mold once and do not waste the material, 
clean all the pan and transfer the material to the mold. Whole procedure should take 
less than two minutes. Or once the mix has reached the compaction temperature 
pour half the mix into the mold and push the mix down with a spatula so that it 
settles and creates more room for the second half. Make sure the asphalt penetrates 
to the bottom of the mold. Pour second half into the mold. Using the spatula 
penetrate it down to the bottom to settle the mix. Also, push on the top with the 
spatula to further settle the mix. 
 Put another paper desk on top of the mix, and the metal plate on top. 
 Center the mold inside the Gyratory compactor. Next, lock the specimen. Then, 
lock mold in the compactor. 
 Run the Superpave Gyratory Compactor (SGC). 
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 After compaction is complete, remove the mold from the compactor wait five 
minutes for the specimen to cool. Then, tack the sample off and leave it for ten 
minutes while a fan blowing on it. 
 Remove the metal plates and mark the specimen with its ID name, top, and bottom. 
 Flip the specimen onto a pan and place the specimen in front of the fan for further 
cooling, almost 20 min. 
 Place the mold, plates, and spatula back in the oven for fabrication of other 
specimens. 
 Weight it and register the weight as the dry weight of the specimen. 
 Put it into a water bath (controlled temperature 77 °F or 25 °C) for four minutes.  
 Weight it while it is in the water and register the weight of the specimen. 
 Take the specimen out of the water bath and dry the surface of specimen by towel. 
Then, register the weight as the saturated with surface dry weight (SSD weight) of 
the specimen. 
 
2.4. Sample and Specimen Preparation 
2.4.1. Binder Sample Preparation 
For this study, all binders were shipped from FAA’s NAPMRC test sections to KU and 
TAMU asphalt laboratories. Evotherm-M1 additive were added to the modified/unmodified 
asphalt binders to prepare appropriate binders based on JMF. Obviously, viscoelastic properties of 
asphalt binder changes during the pavement construction and after construction, so the grading 
was conducted on the unaged binders as well as short-term and long-term aged binders using 
rolling thin film oven (RTFO) (149; 153) and pressure aging vessel (PAV) (154; 155). The RTFO 
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test is used to measure the effect of heat and air on a moving film of asphalt binder and to provide 
residue for additional testing. The effects of this treatment are determined from measurements of 
the properties of the asphalt binder before and after the test in accordance with the AASHTO T 
240-13 (149) and the ASTM D2872-12 (153). A moving film of asphaltic material is heated in an 
oven for 85 min at 163°C (325°F). The effects of heat and air are determined from changes in 
physical test values as measured before and after the oven treatment. The residue from this test is 
also used for additional testing as required in the AASHTO M 320 (142). It yields a residue that 
approximates the condition of the asphalt binder immediately after the pavement is constructed. 
This method can also be used to determine mass change, which is a measure of asphalt binder 
volatility and mass changes resulting from oxidation. Two replicates were tested for each asphalt 
binder type with standard deviation of less than 10%, which resulted in eight acceptable tests. The 
chapter 6 indicate the results for the four asphalt binder types, used in FAA’s NAPMRC test 
sections. Moreover, The low temperature stiffness of the binders was evaluated using the bending 
beam rheometer (BBR) (156). 
 
2.4.2. Mixtures Specimen Preparation 
Cylindrical specimens were prepared in the laboratory using a SGC (157; 158). The SGC 
was used to compact 15 cm diameter by 17.8 cm high specimens. These specimens were cored 
and cut to a 10.2 cm diameter and height of 15.2 cm to ensure uniform distribution of air voids 
within the specimen. The air void content of test specimens were determined in accordance with 
AASHTO T 269 (159). A tolerance of 0.5 percent from the target percent air voids was allowed. 
Any specimen exceeded this tolerance shall be discarded. At least two specimens shall be tested 




Figure 2-3: Specimen preparation steps. (a) SGC compacted the mixtures; (b) 15 cm diameter by 17.8 cm high 
specimens; (c) Coring the specimens to 10.2 cm diameter; (d) Cutting the specimens to 15.2 cm high; (e) Jig saw; 
cored and cut specimens; (f) Final specimen. 
 
2.5. Test Procedures 
This subsection briefly presents the testing matrix required for calibration of material 
models that will be used in predicting rutting and damage response of airfield pavements subjected 
to the new-generation aircraft. Table 2-7 summarizes the required tests to calibrate constitutive 
relationships for rutting and fatigue damage. The new HVS tests will be conducted on four 
different types of airfield pavement materials. These materials differ in terms of the rheology and 
grades of the asphalt binder used as well as the construction methodology (i.e., HMA vs WMA). 
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Generally, the laboratory tests listed in Table 2-7 will be conducted on the following four asphalt 
mixtures in my research.  
 P401 HMA with PG 76‐22  modified binder 
 WMA (Evotherm-M1 additive) with PG 76‐22 modified binder  
 P401 HMA with PG 64‐22 binder 
 WMA (Evotherm-M1 additive) with PG 64‐22 binder 
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2.5.1. Binder Tests 
In this study, a set of experimental tests were conducted to characterize rheological 
properties and stress-dependent behavior of modified/unmodified asphalt binders plus Evotherm-






2.5.1.1. Multiple Stress Creep-Recovery (MSCR) Tests 
The MSCR test was performed on RTFO-aged (149; 153) binders according to AASHTO 
T 350 (160) and ASTM D 7405-15 (161) to determine percent recovery and nonrecoverable creep 
compliance of asphalt binders at 64 °C using DSR (148). The percent recovery value determines 
the elastic response and stress dependence of polymer modified and unmodified asphalt binders. 
Nonrecoverable creep compliance indicates the resistance of an asphalt binder to permanent 
deformation under repeated load. Ten creep and recovery cycles are tested at 0.1 kPa and 3.2 kPa 
stress levels. The creep portion of the test lasts for 1 s, which is followed by a 9 s recovery. Figure 
2-4 shows typical binder sample for MSCR tests and Figure 2-5 presents the same sample after 
MSCR tests using DSR. 
 





















Figure 2-5: Binder sample after MSCR tests using DSR 
 
2.5.1.2. Strain Controlled Frequency Sweep (FS) Tests 
The strain controlled FS tests were conducted on the four asphalt binders to measure the 
dynamic shear modulus and phase angle of asphalt binder when tested in dynamic (oscillatory) 
shear using parallel plate test geometry and the DSR (162). This test method is performed to 
determine the master curve. This is a master curve where the time- temperature-superposition 
principle is combined with the similar shifting of the dynamic data at different strain levels. These 
tests are conducted on material aged in accordance with AASHTO T 240-13 (149) and ASTM D 
2872-13 (153). The frequencies for the shear-oscillating loading were 37.5, 30, 25, 20, 15, 10, 5, 
1, 0.5, and 0.1 Hz at each temperature and strain level. The temperatures were 10, 20, 30, 40, 50, 
60, and 70 °C. The reference temperature was arbitrarily chosen to be 20 °C. The 8 mm parallel 
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plate test geometry with 2 mm working gap was used for 10, 20, and 30 °C test temperatures and 
the 25 mm parallel plate test geometry with 1 mm working gap was used for 40, 50, 60, and 70 °C 
test temperatures. Two replicates with standard deviation of less than 10% along with two samples 
based on the size of parallel plate test geometry were tested for each asphalt binder type, which 
resulted in sixteen acceptable tests. Figure 2-6 shows typical binder sample for lower than 40 °C 
FS tests and Figure 2-7 presents the same sample after FS tests using DSR. 
 
Figure 2-6: Binder sample for lower than 40 °C FS tests. 
 
Figure 2-7: Binder sample for lower that 40 °C before FS tests using DSR 
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2.5.2. Mixture Tests 
As mentioned in chapter 2, Table 2-7 summarize the required tests for calibration of the 
PANDA protocol to evaluate response of Asphalt concrete. General principles and precautions 
must be considered to set up experimental apparatus and executing creep and recovery 
experiments. In order to obtain accurate results with appropriate precision and consistency, 
specific apparatus parts and methods should be used. Following are detailed test procedures.  
 
2.5.2.1. Dynamic Modulus Tests 
Dynamic modulus test data were analyzed to identify LVE material properties, including 
Prony series coefficients and time-temperature shift factors. This test was conducted in accordance 
with AASHTO T342 (132; 133), using an AMPT as shown in Figure 2-8. Three axial linear 
variable differential transformers (LVDTs) were mounted radially on the specimen at 120° spacing 
to capture axial strain responses during testing as shown in Figure 2-9. This test was conducted in 
an unconfined compression mode at five different temperatures (−10 °C, 4.4 °C, 21.1 °C, 37.8 °C, 
and 54.4 °C) and six loading frequencies (25, 10, 5, 1, 0.5, and 0.1 Hz) at each temperature. The 
effect of confinement was captured through analysis of the RCRT-VS test results. The applied 
strain level was between 50-75 micro strains to avoid damage and to ensure the responses remained 





Figure 2-8: Asphalt mixture performance tester (AMPT)  
 
Figure 2-9: Experimental testing setup on AMPT: (a) Gauge point fixing jig set up to mount axial LVDTs; 
(b) View of test specimen with mounted axial LVDTs before running the test. 
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2.5.2.2. Repeated Creep-Recovery Test at Variable Stress Levels (RCRT-VS) 
A repeated creep-recovery test protocol over a range of stress levels was developed to 
identify the nonlinear viscoelastic and viscoplastic responses of the asphalt concrete materials. A 
MTS with a triaxial cell and environmental chamber, as shown in Figure 2-10, was used to conduct 
this test in compression at 55 °C and 140 kPa initial confinement pressure. The MTS should be 
capable of providing controlled load in both compression and tension. It should be equipped with 
±22 kN (5,000 lb) load cell. The load cell shall be calibrated in accordance with ASTM E 4 (163). 
The system should be computer controlled and capable of measuring and recording the time, load, 
deformation, and confining pressure. Specimen need to be prepared according to Figure 2-11 
before two hours conditioning time at desired temperature and confinement pressure. A test 
temperature of 55 °C was selected to minimize the contribution of fatigue cracking in the test 
results. Each loading block consisted of eight creep-recovery cycles with increasing applied 
deviatoric stress level. The initial confinement level of 140 kPa was determined to mimic the 
confinement level that a specific point may experience in a pavement structure under the realistic 
loads (i.e., 137 to 275 kPa). The loading time of 0.4 sec with an unloading time of 30 sec remained 
constant throughout the entire test for each loading cycle. The loading time of 0.4 sec represents 
slow speed of traffic. The unloading time of 30 sec ensures full recovery of the viscoelastic strain 





























































Figure 2-11: Specimen preparation before two hours conditioning time at desired temperature and confinement 
pressure for RCRT-VS, RCRT-CLR, and UCSR-C: (a) J-B WELD steel reinforced epoxy preparation; (b) Gauge 
point fixing jig to attach required studs for axial LVDTs; (c) Rubber membrane to cover the specimen; (d) Stencil to 
attach required studs for radial LVDTs; (e) Attaching holders for axial LVDTs and seal the top and bottom plates 
using rubber bands; (f) Install axial LVDTs and pressure hose inside of triaxial cell; (g) Lower down the triaxial cell 























































Figure 2-12: Experimental test setup for RCRT-VS: (a) Schematic view of typical triaxial cell with through-the-wall 
radial LVDTs; (b) Schematic view of test specimen with mounted axial LVDTs; (c) Tri-axial cell equipped with radial 
LVDTs inside environmental chamber. 
 
Specimens were pre-conditioned for two hours under the confining pressure until the strain 
response reached a constant value. After two hours, the cyclic creep and recovery loading history 
was applied. Figure 2-13 shows the applied deviatoric stresses in the loading blocks of the RCRT-
VS. The deviatoric stress started from 140 kPa and increased by a factor of 1.2(n-1) for eight loading 
cycle (i.e., first loading block) to gradually increase the deviatoric stress level to provide data on 
nonlinear response of the material over a wide range of stress levels. The first deviatoric stress of 
the subsequent loading blocks was chosen to be equal to the third stress level in the preceding 
loading block, and increased by the same factor of 1.2(n-1) for the loading cycles within that block. 




Figure 2-13: Applied deviatoric stresses in the loading blocks of the RCRT-VS. 
 
2.5.2.3. Repeated Creep-Recovery tests at Constant Loading and Rest Time 
(RCRT-CLR) 
The creep-recovery test at constant loading and rest times (RCRT-CLR) is developed and 
performed to identify the HR viscoplastic parameters. The RCRT-CLR consists of repeated creep-
recovery loading cycles. Mimicking realistic situation of asphalt concrete materials, a MTS with a 
triaxial cell and environmental chamber was used to apply confinement and deviatoric stresses in 
the RCRT-CLR, 140 kPa and 840 kPa respectively at 55 °C. Confining pressures were applied to 
the specimen for two hours until the strain response reached a constant value. A test temperature 
of 55 °C was selected to minimize the contribution of fatigue cracking in the test results. The 
loading time and rest period of all loading cycles are maintained constant throughout the test. A 
loading time of 0.4 sec and rest periods of 0.4, 1, and 5 sec are used. The loading time of 0.4 sec 
represents the slow speed vehicle as more likely loads to happen on pavements. The test was 
conducted on two replicates at each rest period and the averaged values were reported. Figure 2-14 
illustrates a schematic loading scenario for the RCRT-CLR. Specimen need to be prepared 
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according to Figure 2-11 before two hours conditioning time at desired temperature and 
confinement pressure.  Figure 2-12 shows the test setup during RCRT-CLR.  
 
Figure 2-14: Schematic loading cycles of RCRT-CLR, where LT is loading time and RT is rest time. 
 
2.5.2.4. Uniaxial Constant Strain Rate in Compression (UCSR-C) 
A constant uniaxial strain rate of 0.021 mm/sec is applied on test specimens in compression 
until failure to identify the saturated yield stress of all asphalt concrete mixtures of FAA’s 
NAPMRC test sections. A MTS with a triaxial cell and environmental chamber was used to 
conduct this test in compression at 55 °C and two levels of confining pressure; 140 kPa and 380 
kPa are required to mimic realistic state of stresses, confining pressures were applied to the 
specimen for two hours before running the tests where the strain response reached a constant value. 
Two specimens are tested at each confining level and the average saturated yield stress is reported 
for each asphalt concrete mixture. Specimen need to be prepared according to Figure 2-11 before 
two hours conditioning time at desired temperature and confinement pressure. Figure 2-12 shows 
the test setup during UCSR-C. 
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2.5.2.5. Uniaxial Constant Strain Rate in Tension (UCSR-T) 
The UCSR-T is conducted in tension at 5 oC to evaluate the viscodamage parameters. These 
tests are performed without confining pressure at three different constant strain rates of 5 10-6, 1
 10-5, and 5 10-5 mm/sec until failure. Two specimens are tested at each strain rate as given in 
Table 2-7. The UCSR-T can be performed without using the triaxial cell since no confining 
pressure is required. In these tests the test specimen must be glued to the top and bottom plates. 
The used glue shall be able to withstand force applied to the sample by a machine and must bond 
well to the test specimen and loading platens. The J-B WELD steel reinforced epoxy is found to 
provide satisfied adhesion between specimen surface and end plates, and it stands the tensile force. 
A schematic of the test specimen for the uniaxial constant strain rate in tension is illustrated in 
Figure 2-15. Specimen need to be prepared according to Figure 2-16 before two hours conditioning 
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Figure 2-16: Specimen preparation for UCSR-T before two hours conditioning time at 5 oC temperature: (a) Use tape 
to avoid leaking of glue on top of the specimen and the bottom loading plate; (b) J-B WELD steel reinforced epoxy 
preparation; (c) Apply the glue on top of the bottom plate and top of the specimen; (d) Add the top plate and appropriate 
weight on top of the specimen, then fix the specimen using the pointer and leave it for at least 24 hr; (e) Gauge point 
fixing jig to attach required studs for axial LVDTs; (f) Attach holders for axial LVDTs and put it in environmental 




Figure 2-17: Experimental test setup for UCSR-T. 
 
2.6. Conclusions 
This chapter presents experimental procedures to characterize sophisticated constitutive 
relationship of asphalt concrete materials in a user friendly manner. The proposed procedures were 
applied to extract linear and nonlinear viscoelastic, viscoplastic, and hardening-relaxation 
viscoplastic properties of asphalt mixtures used in FAA’s NAPMRC test sections. These properties 
extracted based on PANDA protocol which developed by the author collaborators and simplified 
by the author. The experimental studies presented in this chapter based on developed theoretical 
models, and data analysis presented in this following chapters lead to predict the response of 
asphalt concrete materials. The following conclusions can summarize findings of this chapter: 
 PANDA incorporates several material constitutive relationships that define the 
behavior of asphalt mixtures at a wide range of stress and temperature levels;  
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 The dynamic modulus and RCRT-VS tests can be used effectively to characterize 
linear and nonlinear viscoelastic responses of asphalt concrete materials as well as 
time-temperature shift factors; 
 The dynamic modulus, RCRT-VS, UCSR-C, and RCRT-CLR can be used 




















3. Chapter 3: A Straightforward Procedure to Characterize Nonlinear Viscoelastic Response 
of Asphalt Concrete at High Temperatures 
3.1. Abstract 
This chapter proposes a straightforward procedure to characterize the nonlinear 
viscoelastic response of asphalt concrete materials. Furthermore, a model is proposed to estimate 
the nonlinear viscoelastic parameters as a function of the triaxiality ratio, which accounts for both 
confinement and deviatoric stress levels. The simplified procedure allows for easy characterization 
of linear viscoelastic (LVE) and nonlinear viscoelastic (NVE) responses. First, Schapery’s 
nonlinear viscoelastic model is used to represent the viscoelastic behavior. Dynamic modulus tests 
are performed to calibrate LVE properties. Repeated creep-recovery tests at variable deviatoric 
stress levels (RCRT-VS) were designed and conducted to calibrate the nonlinear viscoelastic 
properties of four types of mixtures used in the FAA’s NAPMRC test sections. The RCRT-VS 
were conducted at 55 °C, 140 kPa initial confinement pressure, and wide range of deviatoric stress 
levels; mimicking the stress levels induced in a pavement structure under traffic. Once calibrated, 
the model was validated by comparing the model predictions and experimental measurements at 
different deviatoric stress levels. The predictions indicate that the proposed method is capable of 
characterizing NVE response of asphalt concrete materials.  
 
3.2. Introduction 
Rutting and fatigue damage are two major forms of distress that cause the most concern in 
asphalt concrete pavements as they affect both serviceability and safety over the performance life 
of asphalt pavements. Rutting, permanent deformation under the wheels’ path, is more dominant 
at high temperatures while fatigue damage, evolution of micro-cracks and micro-voids, generally 
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is more problematic at low and intermediate temperatures (86; 164-168). Several prominent 
studies have been conducted regarding constitutive modeling of rutting and fatigue damage 
mechanisms resulting in proposed (visco-)plastic and (visco-)damage constitutive relationships 
(42; 48; 72; 79; 169-174). These mechanisms result because of the temperature-dependency of 
asphalt binders, the complex composite microstructure of asphalt concrete, and localization of 
strain in the binder phase due to significant differences between the moduli of the asphalt binder 
and the aggregate phases (47; 175; 176). However, the nonlinear viscoelastic response of asphalt 
concrete (i.e., the mechanism responsible for recoverable strain response) plays a pivotal role in 
the evolution rate and magnitude of distress induced in asphalt pavements. Therefore, prediction 
of these fatigue damage and rutting require accurate characterization of NVE responses. 
Schapery’s (78) nonlinear viscoelastic model has been widely used to represent the viscoelastic 
response of asphalt concrete materials and structures (45; 50; 75; 80; 81; 177-185).  
While significant progress has been made during the past several years in mechanistic-
based constitutive modeling of different mechanisms of asphalt concrete, the pavement community 
has been reluctant to fully implement and use these sophisticated constitutive relationships in 
design and refined analysis of asphalt concrete pavements and structures. One of the main 
obstacles that prevents the pavement engineers from using these models is the lack of 
straightforward and simple procedures to extract the material properties associated with these 
models. Available characterization methods either are over-simplified or require extensive 
laboratory tests and complex analyses procedures to extract the material properties associated with 
viscoelastic as well as distress mechanisms observed in pavements. This paper aims to provide a 
straightforward procedure to extract nonlinear viscoelastic parameters of asphalt concrete 
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materials while maintaining the required level of accuracy by incorporating the important factors 
affecting this mechanism.   
Accurate estimation of NVE responses of asphalt concrete materials requires precise 
characterization of complex mechanical responses. Deviatoric, confinement, and shear stress 
levels are factors affecting the nonlinear viscoelastic response and significantly contribute to the 
level of induced distress. Furthermore, a location within the pavement structure experiences a 
multi-axial state of stress under the traffic loading. To mimic realistic stress states in pavement 
structures under traffic, a repeated creep-recovery test at variable deviatoric stress levels (RCRT-
VS) was designed and used in this study to identify NVE response of asphalt mixtures. The 
proposed characterization method was then applied to four different asphalt mixtures used in 
FAA’s NAPMRC test sections to evaluate the efficacy of the method. The first stress invariant and 
von Mises equivalent stress were considered as surrogates to confinement level and level of 
deviatoric stress, respectively. We have shown that the nonlinear viscoelastic parameters strongly 
correlate with the triaxiality ratio that accounts for both confinement level, deviatoric stress level, 
and multi-axial states of stress.  Finally, we propose a model by which to relate NVE parameters 
to the level of triaxiality.  
 
3.3. Objectives 
The primary objectives of the study presented in this chapter are to: 
 Develop a straightforward procedure that allows for identification of NVE 
response of asphalt concrete; 




 Introduce a laboratory test that can be used systematically to extract NVE 
parameters while mimicking the realistic stress states observed in a 
pavement structure; 
 Apply the proposed method to extract NVE parameters associated with 
asphalt mixtures used in FAA’s NAPMRC test sections; 
 Propose a mechanistic-based model for NVE parameters of asphalt concrete 
when subjected to general multi-axial state of stresses. 
 
3.4. Analysis Approaches and Results 
The total strain is decomposed into viscoelastic and viscoplastic components as shown in 
Equation 3-1: 
Equation 3-1  
( ) ( )total rec ve irrec vp     
where 
total , 
( )rec ve , and 
( )irrec vp are total, viscoelastic, and viscoplastic strain tensors, respectively.  
Schapery’s (78) nonlinear viscoelastic constitutive relationship was used to represent the nonlinear 
recoverable strain as shown in Equation 3-2: 






rec ve t t
d g





    

     
where superscripts t  and   designate responses at a specific time over the history of loading;  0
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 is the reduced time, 
where T
a
 is the time-temperature shift factor. The transient compliance is expressed in terms of 
the Prony series as shown in Equation 3-3: 
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 are the nth compliance and retardation time, respectively, and N is the number 
of Prony series components. 
 
3.5. Identification of Linear and Nonlinear Viscoelastic Properties 
3.5.1. Identification of Linear Viscoelastic Properties 
The dynamic modulus master curve at the reference temperature of 20 oC was produced by 
analyzing complex dynamic modulus (i.e.,
*( )E  ) and phase angle (i.e., ) at different frequencies 
and temperatures. In this study, a sigmoidal-type function proposed by Pellinen (186) was used to 
construct the dynamic modulus master curve. The nonlinear generalized reduced gradient method 
(187) was used to minimize the error between the experimental measurements and model 
predictions of the storage and loss moduli (i.e, 
*( ) ( ) cosExpE E     and
*( ) ( ) sinExpE E   








3.5.2. Identification of Nonlinear Viscoelastic Properties 
To provide data over a wide range of deviatoric stresses, RCRT-VS was conducted and 
analyzed to extract nonlinear viscoelastic properties. Figure 3-1 schematically represents one cycle 
of the RCRT-VS. 
 
Figure 3-1: Schematic representation of the strain response during a cycle of RCRT-VS test. 
 
The components of the stress tensor during the RCRT-VS test are expressed as shown in 
Equation 3-4: 
Equation 3-4  11 1 22 33 12 23 13;       ;       0c c                
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where c  is the initial confinement pressure and 1

 is the additional applied axial stress. 








) during each loading cycle changes, which means that the mean pressure varies as the additional 
applied axial stress changes. The deviatoric stress tensor and the mean pressure (i.e., averaged 
volumetric stress during RCRT-VS can be calculated as shown in Equation 3-5:  
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The experimental measurements for the viscoelastic recovery strain response 
Exp
r  
between times 0t   and an arbitrary time t  during the rest period can be calculated as shown in 
Equation 3-6: 
Equation 3-6     11 0 11 ;
Exp total total
r o bt t t t t               
It should be noted that the viscoelastic recovery strain r

 which is the difference between 
total strains at two points during the rest period (e.g., between times 0t  and t  such that 0 at t  is 
1
40
 of the rest period as shown in Figure 3-1), is analyzed to characterize the nonlinear viscoelastic 
properties.  The viscoelastic recovery strain, Equation 3-6, can be simplified as shown in Equation 
3-7: 
Equation 3-7     11 0 11 0 11 11( ) ( )
NVE vp NVE vp
r t t t t                
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It is argued that the permanent deformation and viscoplastic strain do not evolve during the 
rest period and therefore 
   11 0 11
vp vpt t 
, such that r

 can be expressed as shown in Equation 
3-8 using Schapery’s nonlinear viscoelasticity yields:   
Equation 3-8 
   
       0 0
11 0 11
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 is the nonlinear parameter which is a function of the stress level at the end of the loading 
time. The parameter 2
g
 is the only unknown in Eq. Equation 3-8 and can be identified by 
minimizing the error between experimental measurements and model predictions for viscoelastic 
recovery strain (i.e., 
Exp
r  and r

, respectively). Once 2
g
 is identified, the total recovered 
viscoelastic strain 
Exp
rd  at any time t  during the rest period can be calculated by subtracting the 
total strain at time t  from the total strain at the end of the creep (i.e., 
 11total at   ), as shown in 
Equation 3-9: 
Equation 3-9     11 11 ;Exp total totalrd a a bt t t t t               
Similarly, the viscoplastic strain during the rest time remains equal to the viscoplastic strain 
at the end of the creep loading, such that one can use nonlinear Schapery’s viscoelastic model to 
calculate Equation 3-9, as shown in Equation 3-10: 
Equation 3-10 
   
       
11 11
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            
   
 
Having the parameter 2
g
 in hand, the parameter 1
g
 can be identified by minimizing the 
error between experimental measurements for total recovered strain 
Exp
rd  and model 
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representation of the same measure 
NVE
rd . This analysis procedure was repeated for each 
loading cycle of RCRT-VS test. The nonlinear parameter 0
g
 was assumed to be one from our 
previous studies (81) based on the fact that: (1) it is difficult and in some cases impractical to 
accurately measure instantaneous response during recovery; and (2) instantaneous strain response 
at high temperatures is negligible as compared to the total viscoelastic strain. Therefore, 




(75). The nonlinear 
parameter 1
g
 controls the nonlinearity in the transient compliance term, which affects the 
viscoelastic nonlinearity mostly during the loading stages. The nonlinear parameter 2
g
 affects 
both loading and recovery strain responses.  
The confinement level and deviatoric stress levels change during each loading cycle of the 
RCRT-VS test as the additional axial stress increases. To incorporate the effect of confinement 
level and deviatoric stress level, the identified nonlinear parameters were plotted as a function of 
the triaxiality ratio (75),  . The parameter   is the ratio of the first stress invariant to the second 
deviatoric stress invariant (the ratio of hydrostatic pressure over the von Mises equivalent stress), 
as shown in Equation 3-11: 







   
where 1
I
 is the first stress invariant and 2
J
 is the second deviatoric stress invariant. The sign of 
the triaxiality ratio is the same as the sign of the first stress invariant, such that negative triaxiality 
ratio indicates compressive mean pressure and positive triaxiality ratio indicates tensile mean 
pressure. For ductile materials, the triaxiality ratio strongly affects the level of permanent strain 
and this ratio increases as the confinement level dominants the Mises equivalent stress. Therefore, 
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high confinement levels or low values of the Misses equivalent stress result in higher values of 
. In case of RCRT-VS test, triaxiality ratio   is the confinement pressure over the deviatoric 
applied stressas shown in Equation 3-12: 
Equation 3-12  
/ 3 1
3






As shown in the next section, the analysis results indicate that the nonlinear parameters are 
strong functions of the triaxiality ratio. 
 
3.6. Results and Discussions 
3.6.1. Linear Viscoelastic Properties  
Figure 3-2 shows the constructed master curve at the reference temperature of 20 oC for 
the four types of asphalt mixtures used in the NAPMRC test sections with 4.5% air void content 
for PG 76-22 and 3.5% air void content for PG 64-22 cored specimens. The Prony series 
coefficients, shown in Equation 3-3, were determined by interconversion relationships (188) 
between the Prony series coefficients and the loss and storage dynamic compliances. Table 3-1 
lists the identified Prony series coefficients and time-temperature shift factors. 
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As shown in Figure 3-2, Evotherm causes a decrease in moduli at different frequencies 
except for PG 76-22 at high frequencies. Furthermore, PG 76-22 resulted in higher moduli as 
compared to moduli for PG 64-22, as expected. As it will be shown, the impact of Evotherm on 
nonlinear viscoelastic parameters is much more pronounced than its impact on linear viscoelastic 
parameters. 
 
Figure 3-2: Master curve according to AASHTO T342 (133) and ASTM D3497-79 (132) for the dynamic modulus,









Table 3-1: Identified Prony series coefficients. 
 HMA PG 76-22 WMA PG 76-22 HMA PG 64-22 WMA PG 64-22 
n   
















0 55.58 10  
- 55.63 10  
- 56.20 10  
- 53.85 10  
- 
1 52.54 10  
34.35 10  
52.37 10  
34.21 10  
53.70 10  
31.65 10  
53.54 10  
47.47 10  
2 52.73 10  
24.01 10  
52.40 10  
23.93 10  
53.89 10  
21.78 10  
54.33 10  
35.95 10  
3 57.23 10  3.69 10  
56.23 10  3.67 10  
41.00 10  1.92 10  
56.91 10  
24.73 10  
4 41.45 10  3.40  
41.23 10  3.42  
42.08 10  2.07  
41.52 10  3.76 10  
5 44.14 10  
13.13 10  
43.43 10  
13.19 10  
46.39 10  
12.24 10  
43.82 10  2.99  
6 49.94 10  
22.88 10  
48.12 10  
22.98 10  
31.26 10  
22.41 10  
31.13 10  
12.38 10  
7 32.94 10  
32.65 10  
32.41 10  
32.78 10  
34.97 10  
32.60 10  
33.61 10  
21.89 10  
8 35.96 10  
42.44 10  
34.23 10  
42.59 10  
38.35 10  
42.81 10  
21.77 10  
31.51 10  
9 22.07 10  
52.25 10  
21.50 10  
52.42 10  
22.44 10  
53.03 10  
22.39 10  
41.20 10  
 
3.6.2. Nonlinear Viscoelastic Properties  
Figure 3-3 and Figure 3-4 present the extracted nonlinear viscoelastic parameters. 
According to these figures, 1
g
increases as the deviatoric stress level increases while 2
g
decreases 




 (i.e., 1 2
g g
) controls the 
nonlinearity of the strain response during the loading stages while 2
g
 dominates the nonlinearity 




values decrease as the deviatoric stress level increases. This observation is physically sound 
since higher deviatoric stress levels cause permanent rotation and sliding of the aggregates to form 
a stiffer microstructure, which builds up more resistant against the applied load. According to 
Equation 3-2, reduction in the value of 1 2
g g
leads to a drop in the effective transient compliance 
(i.e., 1 2
g g D 















Figure 3-4: Variation of the nonlinear parameter 1 2
g g
 with respect to the level of deviatoric stress level. 
 
Figure 3-5 compares the experimental measurements and the calibrated nonlinear 
viscoelastic model predictions for recovered strain. As shown in Figure 3-5, the predictions of the 
calibrated NVE model agree well with experimental measurements. It is observed that HMA 
PG76-22 yields the lowest level of recovered strain. This could be due to high viscosity of modified 
PG 76-22 which results in higher values of the dynamic modulus 
*E .  For the same stress level, 






Figure 3-5: Comparison of the experimental measurements and the model predictions for the recovered strain 
response. 
 
Figure 3-3 and Figure 3-4 show the variation of the nonlinear viscoelastic parameters with 
respect to the deviatoric stress. However, as mentioned, both confinement and deviatoric stress 
levels affect the nonlinear viscoelastic response of asphalt concrete. Figure 3-6 and Figure 3-7 
illustrate the variation of nonlinear viscoelastic parameters with respect to the triaxiality ratio. The 
triaxiality ratio,  , accounts for the combined effects of confinement pressure, deviatoric stress 
level, and multi-axial state of stresses within a single scalar parameter. Figure 3-6 and Figure 3-7 
clearly show that the nonlinear parameters are highly correlated to the level of the triaxiality ratio 
and can be represented as a power law function of this parameter. Therefore, the following model 
is proposed for the nonlinear viscoelastic properties, as shown in Equation 3-13: 
Equation 3-13    1 2,      1,2;      i
b
i ig a i g g
      
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where ia  , ib  ,   , and   are model parameters. Figure 3-6 and Figure 3-7 clearly show that as the 
triaxiality ratio increases, the variation of the nonlinear parameters decreases. A high triaxiality 
ratio indicates a high level of confining pressure or low level of deviatoric stresses. Obviously, 
asphalt concrete demonstrates less variation in deformation at high confining pressures and low 
deviatoric stress levels. Moreover, as the confinement pressure increases, the same level of the 
deviatoric stress has a lesser effect on the nonlinear response of asphalt concrete materials. 












Figure 3-7: Variation of the nonlinear viscoelastic parameter 1 2
g g
 with respect to the triaxiality ratio. 
 
The results presented in this study agrees with the results reported by pervious researchers 




 through the expression of 
triaxiality ratio will considerably simplify the implementation of the NVE response of asphalt 
concrete materials. Eventually, application of the triaxiality ratio enhances the Schapery’s (78) 
nonlinear viscoelastic model by considering the NVE response of asphalt concrete materials and 
structures subjected to the multi-axial state of stresses. Utilization of the NVE response as a 
function of the effective von Mises stress is a common practice for implementing Schapery’s 
nonlinear model (78). In addition, the effect of mode of loading under multiaxial stress states can 
be included in Schapery’s (78) model. This improvement is imperative for pressure sensitive 






This study presents a straightforward procedure to characterize nonlinear viscoelastic 
response of asphalt concrete materials. The proposed procedure was applied to extract linear and 
nonlinear viscoelastic properties of asphalt mixtures used in FAA’s NAPMRC test sections. The 
nonlinear parameters were expressed in terms of the triaxiality ratio based on which a model was 
proposed. Finally, model predictions were compared with experimental measurements for 
validations purposes. The experimental studies, theoretical developments, and data analysis 
presented in this chapter lead to the following conclusions: 
 The proposed procedure along with the dynamic modulus and RCRT-VS tests can 
be used effectively to characterize nonlinear viscoelastic responses of asphalt 
concrete materials; 
 The nonlinear viscoelastic response of asphalt concrete strongly depends on 
confining pressure, deviatoric stress level, and multi-axial state of stresses. 
Therefore, uniaxial tests such as uniaxial creep-recovery tests cannot be used 
accurately to characterize nonlinear viscoelastic properties of asphalt concrete. 
 The nonlinear viscoelastic properties are highly correlated to the triaxiality ratio 
that accounts for confinement pressure, deviatoric stress level, and multi-axial 
stress states; 
 The proposed model for nonlinear viscoelastic properties as a function of triaxiality 
ratio can be used effectively to simulate the nonlinear response of pavements under 
traffic when specific locations in pavement structures are subjected to general 
multi-axial state of stresses. 
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 The nonlinear viscoelastic response of asphalt concrete materials can be effectively 
expressed as a function of the triaxiality ratio. 
 The nonlinear parameter 1g   decreases with the increase in triaxiality ratio leading 
to less creep strain either as the confinement level increases or the deviatoric stress 
level decreases.  
 The nonlinear parameter 2g increases with the increase in triaxiality ratio leading 
to higher recovery of viscoelastic strain during rest period as the confinement level 
increases and the deviatoric stress level decreases.  
 Comparisons between the characterized nonlinear viscoelastic model and 
experimental measurements illustrate the capabilities of the proposed model and 














4. Chapter 4: A Straightforward Procedure to Characterize Viscoplastic and Hardening-
relaxation Viscoplastic Response of Asphalt Concrete at High Temperatures 
4.1. Abstract 
This chapter presents a straightforward procedure for determining viscoplastic (VP) and 
hardening-relaxation (HR) viscoplastic properties of asphalt concrete materials using Genetic 
Algorithms (GAs) that employs concepts of Natural Selection and Genetic Inheritance of the 
Darwinian principle (190), which inspired by the biological evolution process as a class of 
probabilistic optimization algorithms. The simplified procedure allows for easy characterization 
of VP and HR viscoplastic responses. First, dynamic modulus tests are performed to calibrate 
linear viscoelastic (LVE) properties. Then, Perzyna-type viscoplasticity model (79) is used to 
represent the VP behavior. Repeated creep-recovery tests at variable deviatoric stress levels 
(RCRT-VS) were designed and conducted to calibrate the nonlinear viscoelastic (NVE) and VP 
properties of four types of mixtures used in the FAA’s NAPMRC test sections. Saturated yield 
stress of all mixtures are obtained using uniaxial constant strain rate in compression (UCSR-C) 
tests. Moreover, repeated creep-recovery tests at constant loading and rest time (RCRT-CLR) were 
designed and conducted to calibrate HR viscoplastic properties of all four types of mixtures based 
on the model proposed by Darabi et al. (69; 71). Once calibrated, the model was validated by 
comparing the model predictions and experimental measurements using the traffic tests results 
conducted by FAA on NAPMRC flexible pavement test sections (131). The predictions indicate 
that the proposed method is capable of characterizing VP and HR viscoplastic responses of asphalt 
concrete materials. Both of WMA and HMA PG 64-22 test were found to be the worst performing 
test in terms of resulting in more VP and HR viscoplastic strain, which will result in more rutting. 





The conventional mechanistic-based methods for characterization of the response of 
asphalt concrete materials require multiple experimental tests and analyses of multi-axial state of 
stresses. One of the main obstacles that prevents the pavement engineers from using these models 
is the lack of straightforward and simple procedures to extract the material properties associated 
with these models. However, such simplifications should maintain the accuracy of the analysis as 
well. This manuscript aims to contribute in simplifying these procedures while maintaining the 
accuracy.  
Serviceability and safety over the performance life of asphalt pavements are the most 
concern in asphalt concrete pavements cause by two major distress, rutting and fatigue damage. 
Permanent deformation under the wheels’ path, rutting, is more dominant at high temperatures 
while evolution of micro-cracks and micro-voids, fatigue damage, generally is more problematic 
at low and intermediate temperatures (86; 164; 165). Constitutive modeling of rutting and fatigue 
damage mechanisms have been studied through several proposed viscoplastic and viscodamage 
constitutive relationships (42; 48; 72; 79; 169-174; 179; 191-193). These mechanisms result 
because of the temperature-dependency of asphalt binders, the complex composite microstructure 
of asphalt concrete, and localization of strain in the binder phase due to significant differences 
between the moduli of the asphalt binder and the aggregate phases (47; 175; 176; 194). Schapery’s 
(78) nonlinear viscoelastic model has been widely used to represent the viscoelastic response of 
asphalt concrete materials and structures (45; 50; 75; 80; 81; 177-185; 195). A straightforward 
procedure to extract NVE parameters of asphalt concrete materials while maintaining the required 
level of accuracy by incorporating the important factors affecting this mechanism is presented 
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recently. More information on characterization of LVE and NVE properties of asphalt concrete 
materials can be found in Bazzaz, et al. (196). 
In this chapter, having LVE and NVE properties of asphalt concrete materials in hand by 
applying dynamic modulus and RCRT-VS tests, we used UCSR-C test to extract saturated yield 
stress of all mixtures of FAA’s NAPMRC test sections. Accurate estimation of VP and HR 
responses of asphalt concrete materials requires precise characterization of complex mechanical 
responses. The HR viscoplastic parameters of asphalt concrete materials were extracted using 
RCRT-CLR and analyzing the data using optimization technics as Genetic Algorithms (GAs) for 
the first time by pavement community. 
There are three approaches to machine intelligence including logic-based search, cultural 
search, and genetically or evolutionary search (197). These approaches developed by Turing 
(1948) to connect tween searches and the challenge of getting a computer to solve a problem 
without explicitly programming it. Logic-based search is an approach, which is a search through 
the space of integers representing candidate computer programs. Cultural search relies on 
knowledge and expertise acquired over a period of years from others. Genetically or evolutionary 
search by which a combination of genes is looked for, the criterion being the survival value. GAs 
are particularly well suited for hard problems where little is known about the underlying search 
space. GAs are widely-used in business, science, and engineering (198-200). Surprisingly, there 
are very few papers, which are using optimization technics on asphalt concrete (201-204). 
Moreover, just one of them presents optimization technics to extract the material properties of 
asphalt concrete, which used harmony search (HS) algorithm to extract viscoelastic and damage 
properties of HMA concrete (203). However, extraction of VP and HR viscoplastic properties of 
asphalt concrete materials are part of many engineering optimization problems, which are very 
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complex in nature and quite difficult to be solved using gradient-based search algorithms. 
Specially, when there are local optimums in the problem, the results shall depend on selected initial 
points, and the obtained optimal solution may not necessarily be the global optimum. This paper, 




The primary objectives of the study presented in this paper are to: 
 Develop a straightforward procedure that allows for identification of VP and HR 
viscoplastic response of asphalt concrete materials; 
 Incorporate the GAs into the proposed procedure to extract VP and HR viscoplastic 
properties of asphalt concrete materials as one of many engineering optimization 
problems; 
 Introduce laboratory tests which can be used systematically to extract VP and HR 
viscoplastic parameters while mimicking the realistic stress states observed in a 
pavement structure; 
 Apply the proposed method to extract VP and HR viscoplastic parameters 
associated with asphalt mixtures used in FAA’s NAPMRC test sections; 
 Propose a mechanistic-based model for VP and HR viscoplastic parameters of 
asphalt concrete when subjected to general multi-axial state of stresses. 
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4.4. Analysis Approaches 
The total strain of an asphalt mixture can be decoupled into a recoverable (viscoelastic) 
component and an irrecoverable (visco-plastic) component with the assumption of a small strain 
deformation as shown in Equation 4-1: 
Equation 4-1  
( ) ( )total rec ve irrec vp     
where total  is the total strain. The terms ( )rec ve  and ( )irrec vp are the recoverable (viscoelastic) and 
irrecoverable (viscoplastic) strain components, respectively. The Schapery’s (78) non-linear visco-
elastic theory to capture the recoverable (viscoelastic) components of asphalt mixture which 
implemented by the authors recently (75; 196). This study emphasis on the irrecoverable 
(viscoplastic) components, which were decomposed from recoverable (viscoelastic) components. 
More information and detailed procedure of characterization of NVE properties of asphalt concrete 
materials can be found in Chapter 3: A Straightforward Procedure to Characterize Nonlinear 
Viscoelastic Response of Asphalt Concrete at High Temperatures and Bazzaz, et al. (196). 
 
4.4.1. Perzyna-type Viscoplastic Model 
The classical hardening Perzyna-type VP model (79) has been applied frequently to model 
the VP response of asphalt concrete (107; 116; 169; 205). The classical nonassociative VP flow 
rule is introduced as shown in Equation 4-2: 











where vp is VP strain tensor; 
vp and F  represent the VP multiplier and the VP potential function, 
respectively; The 
vp  can be expressed in terms of an overstress function and a fluidity parameter 
(79) as shown in Equation 4-3: 
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f f  

    
where 
vp  is the VP fluidity parameter, N  is the VP rate-sensitivity exponent, is the Macaulay 
brackets defined by   / 2    ,  is the overstress function which is expressed in terms of 
the yield function f , 
0
y
  and is a yield stress quantity used to normalize the overstress function 
and can be assumed unity. 
Due to the nonassociative nature of the VP response of asphalt concrete (206), a 
nonassociative viscoplasticity model is applied. A modified Drucker-Prager-type yield surface 
function, f , and a viscoplastic potential function, F , are defined (116) as shown in Equation 4-4: 








f I p F I
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     
  
          
   
 
where   and   are the pressure-sensitivity material parameters; 1 kkI   is the first stress 










J S S S  are second 
and third deviatoric stress invariants, respectively; 
vpd  is the parameter that distinguishes the VP 
responses during extension and contraction mode of loadings; and   is the hardening function 
expressed as shown in Equation 4-5: 
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where p  is the effective VP strain, 0 , 1 , and 2 are VP material parameters; 0 defines the initial 





4.4.2. Hardening-relaxation Viscoplastic Model 
The Hardening-relaxation constitutive relationship and its associated parameters when 
subjected to cyclic creep loading with rest periods between the loading cycles, the VP behavior of 
asphalt concrete materials changes such that the rate of accumulation of the VP strain at the 
beginning of  a loading cycle increases comparing to that at the end of the preceding loading cycle. 
This phenomenon is referred to as the hardening-relaxation and is a key element in predicting the 
permanent deformation (rutting) of asphalt concrete materials. Figure 4-1 schematically presents 
the underlying phenomenon for the hardening relaxation mechanism and illustrates the need to 
modify the classical Perzyna-type viscoplastic model to incorporate this important mechanism.  
Consider one cycle of creep-recovery loading, as shown in Figure 4-1. During the loading cycle, 
aggregates reorient and confine the binder in between. At this stage, the viscoplastic strain evolves 
and induces a level of viscoplastic hardening in the material as shown in Figure 4-1(c). During the 
rest period, the induced hardening stresses redistributes the aggregates and therefore the induced 
hardening stresses relax. This relaxation in the internal hardening stresses changes the level of the 
viscoplastic hardening. This phenomenon is referred to as the hardening-relaxation (69).  
 
Figure 4-1: Schematic representation of the changes in the asphalt mixtures microstructure during a cyclic creep 
cycle. (a) Stress history; (b) initial microstructure; (c) microstructure during the loading; (d) microstructure during 


















   
(a) (b) (c) (d) 
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This phenomenon can also be explained from the thermodynamic point of view. During 
the rest period, the viscoplastic strain does not evolve and remains constant. Therefore, the force 
conjugate to the viscoplastic strain (i.e., the hardening level) should relax. This effect if more 
pronounced for time-dependent materials (e.g., asphalt mixtures) and signifies at elevated 
temperatures. The conventional viscoplastic theories, however, do not account for the evolution of 
the viscoplastic properties during the resting period and significantly underestimate the prediction 
of the viscoplastic strain response. Figure 4-2 shows the prediction of a calibrated Perzyna-type 
viscoplastic model as compared to experimental measurements. Figure 4-2 shows that the 
conventional Perzyna-type viscoplastic model cannot accumulates more viscoplastic strain once 
the viscoplastic strain saturates, such that no more viscoplastic strain accumulates during the 
following loading cycles. However, experimental measurements show that the material gains its 
capability to accumulate more viscoplastic strain during the rest period, such that the viscoplastic 
strain keeps accumulating during all loading cycles. 
 
 
Figure 4-2: Predictions of a calibrated classical Perzyna-type viscoplastic model and experimental measurements of 























Model prediction using calibrated Perzyna-type VP model
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To remedy this issue, the hardening level should be allowed to undergo relaxation during 
the rest period. Motivated by the experimental observations, the mechanisms at microstructural 
level, and thermodynamic description, a hardening-relaxation model using the HR memory 
concept is developed by Darabi, et al. (68). To model the HR, static and dynamic HR memory 
surfaces are defines as shown in Equation 4-6: 
Equation 4-6  
1
1
0;       0
vp S
h r vp h r vp
h r
q
f p q p q 

 




h rf   and 
h r   are static and dynamic HR memory surfaces,  respectively. The term vpq  is 
the HR internal state variable that memorizes the maximum experienced viscoplastic strain for 
which the HR has occurred while p  is the effective viscoplastic strain. Parameters 
h r  and 1S  
are HR parameters. The rate of relaxation in the hardening parameter is calculated as shown in 
Equation 4-7: 
Equation 4-7  1 2
vpS q    
where 2S  is another parameter associated with the HR constitutive relationship.  Table 4-1 lists the 
parameters associated with the HR constitutive relationship and their physical significance. 
Repeated creep-recovery test at constant loading and rest times (RCRT-CLR) will be used to 
identify the HR parameters. 
 
Table 4-1: List of hardening-relaxation VP parameters. 
Parameter Physical meaning 
h r  Hardening-relaxation fluidity parameter controlling the rate of evolution of 
the hardening-relaxation state variable. 
1
S  Hardening-relaxation exponent controlling the time-dependency of the 
hardening-relaxation state variable. 
2
S  Hardening-relaxation parameter controlling the rate at which the hardening 
parameter relaxes.  
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Figure 4-3 demonstrates the effect of rest period in the accumulation of viscoplastic strain 
obtained from the proposed hardening-relaxation model coupling with Perzyna-type viscoplastic 
model, respectively.  The result shows that as the rest period increases, the material develops more 
capacity to accumulate viscoplastic strain, which is in agreement with experimental observations. 
 
Figure 4-3: The effect of rest period in hardening-relaxation model. 
 
4.4.3. Genetic Algorithms Analysis 
The genetic algorithms (GAs) are originally developed by John Holland (207), which apply 
concepts of Natural Selection and Genetic Inheritance of the Darwinian principle (190). GAs are 
inspired by the biological evolution process as a class of probabilistic optimization algorithms. 
GAs iteratively transform a set (called a population) of mathematical objects (typically fixed-
length binary character strings), each with an associated fitness value, into a new population of 
offspring objects using the Darwinian principle (190) of natural selection and using operations that 
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are patterned after naturally occurring genetic operations, such as crossover (sexual 
recombination) and mutation. Probabilistic steps could be illustrated such that the initial population 
is typically random, probabilistic selection based on fitness which means neither the best is always 
picked nor the worst is necessarily excluded, random picking of mutation and crossover points, 
and there usually is probabilistic scenario as part of the fitness measure.  
Genetic programming (GP) applies the approach of the GAs to the space of possible 
computer programs. Computer programs are the lingua franca for expressing the solutions to a 
wide variety of problems. A wide variety of seemingly different problems from many different 
fields can be reformulated as a search for a computer program to solve the problem. GP is an 
automated invention machine which is routinely delivers high-return human-competitive machine 
intelligence and has delivered a progression of qualitatively more substantial results in synchrony 
with five approximately order-of-magnitude increases in the expenditure of computer time. High-
return is the artificial-to-intelligence ratio (AI ratio) of a problem-solving method as the ratio of 
which is delivered by the automated operation of the artificial method to the amount of intelligence 
that is supplied by the human applying the method to a particular problem. A problem solving 
method is routine if it is general and relatively little human effort is required to get the method to 
successfully handle new problems within a particular domain and to successfully handle new 





Figure 4-4: Applied GP flowchart (208). 
 
4.5. Identification of Viscoplastic and Hardening-relaxation Viscoplastic Parameters  
4.5.1. Assumed Viscoplastic Parameters 
Some of VP parameters are assumed because they do not vary significantly from one 
asphalt mixture to the other and can be assumed constant with reasonable accuracy. These 
parameters, their physical meaning, and the recommended values are listed in Table 4-2, please 
refer to Huang (126), Abu Al-Rub et al. (209), and Darabi et al. (71) for more details on the 




Table 4-2: List of VP parameters that are fixed and can be assumed. 
Parameter Recommended value Physical significance Assumed value 
  0.15-0.3 Related to the angle of friction of the 
asphalt mixtures. 
0.25 
  0.05   Related to the angle of friction and the 
dilation characteristics of asphalt mixtures. 
0.2 
vpd  0.778 Ratio of yield strength in tension to that in 




  100 kPa Yield stress quantity 100  kPa 
 
4.5.2. Extraction of Viscoplastic Strain During the Creep Part of RCRT-VS 
Calculate the viscoelastic strain response during the loading stage of RCRT-VS, readers 
are referred to the recent papers published by authors and their collaborators to extract LVE and 
NVE parameters of asphalt concrete (75; 210). Once LVE and NVE parameters are identified, 
subtract the viscoelastic strain from the total strain to obtain the VP strain response during the 
creep part of RCRT-VS. Figure 4-5 illustrates the extraction of the viscoelastic and viscoplastic 
strain responses from the total measured strain (69; 71) both schematically and actually. The VP 



















Figure 4-5: Extraction of the VP components of the strain response: (a) Schematic illustration (70); (b) Actual data 
 
Calculate effective VP strain 




) as shown in Equation 
4-8: 













    
  
 
Estimate radial VP strain using Equation 4-9, if radial measurements are not available. 










Manipulating Equation 4-3 and Equation 4-4 yields to Equation 4-10: 
Equation 4-10  








    






vp using the extracted axial VP strain 1
vp
as shown in Equation 4-11: 
Equation 4-11   1 / 1 / 3




















Figure 4-6 shows the relationship between 
vp  and time for each stress level.  
 
Figure 4-6: The relationship between 
vp and time for each stress level. 
 
Pick values for 
vp  at different stress levels of RCRT-VS test at constant t , the recommended 




Figure 4-7: The values for 
vp  at different stress levels of RCRT-VS test at constant t . 
 
Rearrange Equation 4-10 to calculate
Modelp  as shown in Equation 4-12: 















   
 
   





The parameters 0 , 1 , 2 , N , and  are unknowns in Equation 4-12, which can be extracted by 
minimizing the error, i.e. Equation 4-13, between the experiments, i.e. Equation 4-8, and analysis, 




























   
   
  
The relationship between 1I   and effective VP strain can be plotted as shown in Figure 4-8. 
 
Figure 4-8: The relationship between 1I  and effective VP strain. 
 
The fitting results are shown in Figure 4-9 for deviatoric stress 137.9 kPa as an example.  The 





Figure 4-9: The fitting of 
vp to obtain viscoplastic parameter . 
 
4.5.3. Extraction of Hardening-relaxation Viscoplastic Parameters Using RCRT-CLR 
Figure 4-10 schematically shows the evolution of the effective VP strain p  and the HR 
state variable 





Figure 4-10: Schematic representation of the loading and unloading stages, the evolution of the total strain, the 
nonlinear viscoelastic strain, the effective VP strain, the hardening-relaxation viscoplastic internal state variable, and 
VP multiplier function during RCRT-CLR. 
 
From the experimental measurements, calculate the rate of the effective VP strain during different 
loading cycles using Equation 4-14, as shown in Figure 4-11: 
























Simplify Equation 4-3 and Equation 4-5 at times 1t  and 2t  two constant part of those equation at 
any loading cycle are presented as A  and B  (i.e., Equation 4-15 and Equation 4-16, respectively). 
Then, by following Equation 4-17 and Equation 4-18, the hardening parameter 1

 at the end of 
loading and at the end of the rest period could be obtained, such that: 










Equation 4-16   
 2 1
1 0








Equation 4-17             1 1 1 1 2 1 2 1;       
N Nvp vpp t A t B t p t A t B t              
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      
         
          
 
Plot  1 1t  and  1 2t  versus the accumulative loading time t  for the all RCRT-CLR as shown in 
Figure 4-12, respectively. Integrate Equation 4-7 will result in Equation 4-19: 































Figure 4-12: VP material parameter (i.e., 1 ) versus accumulative loading time during loading cycles of RCRT-
CLR: (a)  1 1t ; (b)  1 2t . 
 
As presented in Figure 4-13, if enough rest period (i.e., at least three times of loading time) is given 
to asphalt concrete mixture, the hardening-relaxation viscoplastic internal state variable (i.e.,
vpq ) 
will evolve to the maximum possible value to become the effective VP strain (i.e., p ). Therefore, 
pick the average values of two replicates during 5 s rest period test of RCRT-CLR for p  at the end 
of the first rest period as the hardening-relaxation viscoplastic internal state variable (i.e. 
vp final Exp
Ave
q p p  ) and calculate 2S  as shown in Equation 4-20: 




























Figure 4-13: Schematic representation of the loading and unloading stage, the evolution of the total strain, the 
nonlinear viscoelastic strain, the effective VP strain, and the hardening-relaxation viscoplastic internal state variable 
during a cycle of RCRT-CLR with 5 s rest period. 
 
Calculate  vpq t  using Equation 4-7 once 2S  is known based on Equation 4-20 by following 
Equation 4-21 and Equation 4-22: 
Equation 4-21     1 1 1
initialt t      








    
 
where t  is the accumulative unloading time. Calculate
vpq , 
vpq , and p  for all cycles of RCRT-
CLR from Equation 4-22, Equation 4-23, and experimental measurements, respectively. Figure 
4-14 shows the evolution of 
vpq during accumulative unloading time of RCRT-CLR. 





Figure 4-14: The evolution of 
vpq  during accumulative unloading time of RCRT-CLR. 
 
Manipulate Equation 4-6 will result in Equation 4-24: 
Equation 4-24    1
vp
S
h r vpq p q
t









vpp q  in log-log scale for all available data. 






 vpp q curve with Y-axis and 1S  is the slope of the fitted line using the Equation 4-25: 
Equation 4-25     1
vp
h r vpqLn Ln S Ln p q
t




 and  could be identified by minimizing the error between left and right hand side of  
Equation 4-25 by using Equation 4-26 and GAs: 
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4.5.4. Genetic Algorithm Running Parameters 
A genetic algorithm maintains a population of candidate solutions for the problem in hand, 
and makes it evolve by iteratively applying a set of stochastic operators. Stochastic operators 
include selection, recombination, and mutation. Selection replicates the most successful solutions 
found in a population at a rate proportional to their relative quality. Recombination decomposes 
two distinct solutions and then randomly mixes their parts to form novel solutions. Mutation 
randomly perturbs a candidate solution. Table 4-3 illustrates GAs parameters to extract VP 


























Initial yield strength. It has a very low value at 
high temperatures. Does not affect the results 
very much. It have a small value between 40-
150kPa for most asphalt mixtures. 
K1 
The hardening limit of asphalt mixtures against 
viscoplastic deformation. It is in the order of 
compressive strength of asphalt mixtures at 40oC 
(Saturated Yield Stress (K0+K1)) 
K2 Visco-plastic Parameter (Strain Hardening Rate) 
N 
Visco-plastic Rate-sensitivity Exponent 
Parameter 
Г Gama (Visco-plastic Fluidity Parameter) 
Feasible 
solutions 
Individuals living in that environment 
K0 40-150 (kPa) 
K1 0-(Saturated Yield Stress minus K0) (kPa) 
K2 0-100 
N 0-5 









A set of 
feasible 
solutions 
A population of organisms 




Selection, recombination and mutation 





set of  
stochastic 
operators 
on a set of 
feasible 
solutions 
Evolution of populations to suit their 
environment 







The computer model introduces simplifications (relative to the real biological 
mechanisms), but surprisingly complex and interesting structures have emerged out of 
evolutionary algorithms. Simple GAs produce an initial population of individuals then evaluate 
the fitness of all individuals, while termination condition not met do; it select fitter individuals for 
reproduction, recombine between individuals, mutate individuals, evaluate the fitness of the 
modified individuals, and generate a new population. Figure 4-15 shows the evolutionary cycle. 
 
Figure 4-15: The evolutionary cycle. 
 
4.6. Results and Discussion 
4.6.1. Saturated Yield Stress 
Uniaxial Constant Strain Rate in Compression (UCSR-C) tests are conducted to calculate 
saturated yield stress of all mixtures. Table 4-4 summarize the average saturated yield stress for 















Table 4-4: Average saturated yield stress for four different asphalt mixtures used in FAA’s NAPMRC test sections. 
Mixture  Binder Average saturated yield stress (kPa) 
HMA 
PG 76-22 1553 
PG 64-22 1403 
WMA 
PG 76-22 1452 
PG 64-22 1332 
 
Tests on these binders showed that modified PG 76-22 had the highest viscosity. 
Furthermore, as Evotherm-M1 added to the virgin binders to produce WMA, the viscosity of 
binder decreases compare to that of HMA. Based on Witczak’s predictive equation (211), dynamic 
modulus of asphalt concrete increases as the bitumen viscosity increases, for the same properties 
of asphalt concrete materials. Therefore, it is expected that average saturated yield stress of 
modified PG 76-22 has the highest value. In other words, the mixtures with the bitumen which has 
the highest viscosity may show the highest saturated yield stress for the same properties of asphalt 
concrete materials.  
 
4.6.2. Viscoplastic Properties  
Repeated Creep-Recovery Test at Variable Stress Levels (RCRT-VS) tests are conducted 
to calculate VP parameters of all mixtures. Table 4-5 summarize the VP parameters for four 






























  1  2  N  
vp  
HMA 
PG 76-22 142 1411 180 1.92 0.008 
PG 64-22 53 1350 170 2.06 0.016 
WMA 
PG 76-22 57 1395 173 1.98 0.009 
PG 64-22 52 1280 165 2.13 0.023 
 
Viscoplastic fluidity parameter (i.e., 
vp ) controls the amount of plastic strain based on the 
energy dissipated. As values of 
vp increases more flow (and therefore smaller stresses) expected. 
Also, greater values of VP rate-sensitivity exponent (i.e., N ) results in more flow. The effect of 
the hardening function parameters 0 , 1 , and 2  are best understood by understanding the 
hardening function  , as shown in  Equation 4-5. The value of the hardening function  p  varies 
from 0 when 0p   (before viscoplasticity occurs) to 0 1   as p , and   approaches the 
saturated value 0 1  more quickly as 2 increases.  A decrease in either 0  or 1 decreases the 
value of the hardening function  and results in a more compliant material. Asphalt concrete 
material has more flow for lower values of 2 , in other words, asphalt concrete material yields 
more earlier for lower values of 2 . 
 
4.6.3. Hardening-relaxation Viscoplastic Properties  
Repeated creep-recovery test at constant loading and rest times (RCRT-CLR) tests are 
conducted to calculate HR viscoplastic parameters of all mixtures. Table 4-6 summarize the HR 
viscoplastic parameters for four different asphalt mixtures used in FAA’s NAPMRC test sections. 
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S  2S  
h r  
HMA 
PG 76-22 0.332 52.31 10  52.29 10  
PG 64-22 0.347 49.67 10  
53.20 10  
WMA 
PG 76-22 0.301 52.10 10  
52.22 10  
PG 64-22 0.336 46.25 10  
53.15 10  
 
Hardening-relaxation fluidity parameter (i.e.,
,vp s ) controls the evolution of the VP 
softening. The lower HR fluidity parameter results in less softening potential during the rest period 
for asphalt concrete materials. However, full softening potential of asphalt concrete materials 
achieves, once a long enough rest period is introduced. Hardening-relaxation exponent (i.e., 1S ) 
only affects the rate of the change in the VP softening. Greater values of HR exponent results in 
less rate of the change in the VP softening. The softening VP response signifies as the hardening-
relaxation parameter (i.e., 2S ) increases. In other words, greater values of HR parameter results in 
faster softening in VP response. Figure 4-16 illustrates the fitting curves for FAA’s NAPMRC test 




Figure 4-16: The fitting curves for FAA’s NAPMRC test sections materials under RCRT-CLR. 
 
4.6.4. Calibration 
The model was calibrated by comparing the model predictions and experimental 
measurements using FAA’s NAPMRC test sections materials and RCRT-CLR. Figure 4-17, 
Figure 4-18, and Figure 4-19 show the HR viscoplastic response of NAPMRC test sections under 
RCRT-CLR with three different rest times, 0.4, 1, and 5 seconds. Considering the material 
properties mentioned in previous sections, the model predictions agree well with the experimental 
data. It should be noted that the HR continues until the rate of the viscoelastic strain reaches a 
negligible value. Since then on, there is no more softening, because the HR is physically occurred 
through the rearrangement of the microstructure during the unloading and deformation recovery. 
Therefore, no more HR is expected once the rate of the recoverable strain during the unloading 
reaches zero (i.e. full recovery). Asphalt concrete materials show accumulation of the 
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plastic/viscoplastic strain decreases in each loading cycle even though the applied stress level is 
constant, which is the effect of HR viscoplastic properties of asphalt concrete materials. In other 
words, the rate of HR viscoplastic decreases as the viscoplastic strain increases. As shown in 
Figure 4-17, Figure 4-18, and Figure 4-19, the model predictions are slightly overestimated the 
viscoplastic strain as the viscoplastic strain increases. This effect might be due to the assumption 
of the constant pressure-sensitivity parameters  and  . Of course, further investigations are 
required to resolve this issue and to define a suitable expression for the variation of  and   with 
the effective viscoplastic strain. 
 
Figure 4-17: The HR viscoplastic response of NAPMRC test sections under RCRT-CLR with 0.4s rest time 
 
As shown in Figure 4-17, Figure 4-18, and Figure 4-19, addition of Evotherm-M1 to both 
types of modified (i.e., PG 76-22) and unmodified (i.e., PG 64-22) virgin binders used in FAA’s 
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NAPMRC test sections will result in more HR viscoplastic strain. Also, PG 76-22 has shown less 
HR viscoplastic strain compare to PG 64-22, as expected based on Witzcak (211) viscosity 
equation. Furthermore, the result is consistent with the traffic tests results conducted by FAA on 
NAPMRC flexible pavement test sections (131), both of WMA and HMA PG 64-22 test were 
found to be the worst performing test in terms of resulting in more VP and HR viscoplastic strain, 
which will result in more rutting. The HMA PG 76-22 performed slightly better than the respective 
WMA test. Finally, the more rest time, the more HR viscoplastic strain is observed under cyclic 
constant stress level as expressed in RCRT-CLR.  
 





Figure 4-19: The HR viscoplastic response of NAPMRC test sections under RCRT-CLR with 5s rest time 
 
4.6.5. Validations 
Once the linear VE properties, nonlinear VE parameters, VP and HR viscoplastic 
parameters are obtained, these parameters will be employed in a user subroutine UMAT associate 
with a commercial finite element analysis software ABAQUS to simulate the material response 
with different loading path. To check the validity of the proposed model, further experimental data 
have been analyzed according to the test matrix presented in Table 4-7.  These tests includes the 
dynamic modulus test at different temperatures and frequencies; monotonic tests at various strain 
rates; and repeated creep-recovery tests with various stress levels, loading times, and resting 
periods were conducted in this study to first calibrate the models and then validate the models 
against independent experiments, which were not used for calibration purposes. These tests were 
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conducted at North Carolina State University (NCSU) by Prof. Richard Kim and his research 
group. 
  
Table 4-7: Test Matrix. 
Test Purposes Desired properties 
Dynamic Modulus Test Calibration 
Linear viselastic 
properties 
Monotonic Test Calibration Viscoplastic properrties 
Repeated Creep and 
Recovery Test 
(RCRT) 






Constant loading and 








loading time test 
(RCRT-RVT) 
Validation ------ 
Various Loading and 
Time Test (RCRT-VLT) 
Validation ------ 
 
4.6.5.1. Dynamic Modulus Test 
The dynamic modulus test was performed in compression under the confinement level of 
140 kPa.  The stress levels were determined by controlling the strain amplitudes within 50 to 70 
𝜇𝜀 in order to capture the linear viscoelastic response. The test was conducted at temperatures of 
-10, 10, 35 and 55 oC with frequencies of 25, 10, 5, 1, 0.5, 0.1, 0.05 and 0.01 Hz.  This test will be 






4.6.5.2. Monotonic Test 
The monotonic test was conducted at a constant displacement rate. This test was performed 
at 55oC for unconfined case and confinement level of 500 kPa. The purpose of this test was to 
identify the value of   in the viscoplastic model. 
 
4.6.5.3. Repeated Creep and Recovery Test 
The repeated creep and recovery tests (RCRT) were conducted at 55 °C with a confinement 
level of 140 kPa. Five different types of creep and recovery tests were conducted: various loading 
(VL), constant loading and time (CLT), various loading time (VT), reverse various loading time 
(RVT), and various loading and time (VLT). The VL and CLT tests were used to calibrate the 
material properties; while VT, RVT and VLT tests were used for validation purposes.  More details 
of these tests are described in the following sections.  
 
4.6.5.3.1. RCRT- Variable loading test (RCRT-VL) 
The RCRT-VL test was conducted with 0.4 sec loading time following 200sec rest period. 
Within each loading block, 8 stress levels were applied.  The first deviatoric stress level in the first 
loading block was 137.9 kPa and increased by a factor of 1.2 for the next deviatoric stress level. 
For the next loading block, the first stress level was the same as that of the third loading stress in 
the preceding loading block.  The sketch of RCRT-VL test is shown in Figure 4-20 (a).  This test 





Figure 4-20: The Sketch of (a) RCRT-VL test, (b) RCRT-CLT test, (c) RCRT-VT test, (d) RCRT-RVT test, and (e) 
RCRT-VLT test. 
 
4.6.5.3.2. RCRT-Constant loading and time test (RCRT-CLT) 
In this test, the stress level, loading time and rest period were kept constants over the whole 
test.  The loading periods were considered as 0.1, 0.4, 1.6 and 6.4 sec following the rest period 0.9 




































































sec with a deviatoric stress level of 827 kPa and a confinement stress level of 140 kPa.  The sketch 
of RCRT-CLT test is shown in Figure 4-20 (b).  This test was employed to obtain the hardening-
relaxation parameters.  
 
4.6.5.3.3. RCRT-Various loading time test (RCRT-VT) 
Figure 4-20 (c) illustrates the sketch of RCRT-VT.  This test applied the repeated loading 
blocks and each loading block contains sequence of six different loading periods such as 0.05, 0.1, 
0.2, 0.4, 1.6 and 6.4 sec with a constant stress level. Three different rest periods of 200, 1.0 and 
0.05 sec were considered.   
 
4.6.5.3.4. RCRT-Reversed various loading time test (RCRT-RVT) 
In RCRT-RVT test, the loading conditions were the same as RCRT-VT test except the 
loading times. Within each loading block, the loading periods were exactly reversed to that in the 
VT test such as the sequence of loading time were 6.4, 1.6, 0.4, 0.2, 0.1 and 0.05 with a rest period 
of 200 sec. Figure 4-20 (d) shows the sketch of RCRT-RVT test.   
 
4.6.5.3.5. RCRT-Various Loading and Time Test (RCRT-VLT) 
This test combined the RCRT-VT and RCRT-VL tests.  In this test, each loading block 
contains sequence of six loading times such as 0.05, 0.1, 0.2, 0.4, 1.6 and 6.4 sec with a constant 
deviatoric stress level as shown in Figure 4-20 (e). The devictoric stress level for first loading 
block was 100 kPa and then the deviatoric stress level increased by 200 kPa with increasing of 




4.6.5.4. Model Calibration and validation 
In this section, the systematic analysis procedures are used to calibrate viscoelastic, 
viscoplastic, and hardening-relaxation models.   
 
4.6.5.4.1. Identification of linear and nonlinear viscoelastic parameters 
Following the procedure explained in Chapter 3 the linear and nonlinear viscoelastic 
properties of asphalt concrete materials are extracted. Figure 4-21 shows the relationship between 
temperature and time-temperature shift factor, Ta . Then, the long-term linear viscoelastic Prony 
series coefficients can be obtained by fitting the master curve using Equation 3-3.  Figure 4-22 
shows the master curve and the fitting results of long-term Prony series model. The long-term 
Prony series coefficients are shown in Table 4-8.  These long-term Prony series coefficients will 
be employed in the next analysis step to obtain the nonlinear parameters and to separate the 
irrecoverable and recoverable strain from RCRT-VL test. 
 




Figure 4-22: The master curve at confinement stress 140 kPa with reference temperature 10oC. 
 
Table 4-8: The Long-term Linear Viscoelastic Prony Series Coefficients. 







0 83.00 10  - 
1 73.51 10  
61.00 10  
2 73.29 10  
51.00 10  
3 75.60 10  
41.00 10  
4 74.37 10  
31.00 10  
5 72.34 10  
21.00 10  
6 85.63 10  1.00  
7 81.85 10  
21.00 10  
 
Once the linear viscoelastic properties (Prony Series coefficients) are obtained from 




















2g ) and decouple the viscoelastic and viscoplastic response through the analysis of recovered 
response in RCRT-VL test, more details of decoupling recoverable and irrecoverable strain were 
presented in chapter 3. Figure 4-23 illustrates the decoupled VE and VP strains in the 1st cycle of 
RCRT-VL test as an example. Figure 4-24 (a) and (b) is the relationship between deviatoric stress 
and the obtained nonlinear parameters 1g  and 2g  from measurements, respectively. Figure 4-24 
(a) shows that the value of nonlinear parameter 1g  is hovering around 1.0, which indicates that the 
nonlinear parameter 1g is not highly stress-dependent. Figure 4-24 (b) shows that the nonlinear 
parameter 2g is significantly increased with increasing of deviatoric stress level. 






















(a) Nonlinear parameter 1g  obtained from experimental measurements 
 
(b) Nonlinear parameter 2g  obtained from experimental measurements 




4.6.5.4.2. Identification of the VP Parameters from RCRT-VL test 
Once the VE material properties such as Prony series coefficients and nonlinear 
viscoelastic parameters are obtained from RCRT-VL test, the recoverable stain during loading can 
be calculated and then the irrecoverable strain can be decoupled by subtracting the VE strain from 
total strain as shown in Figure 4-23.  This irrecoverable strain is considered as the viscoplastic 
strain and characterized using Perzyan VP model.  The analysis procedure as explained in 4.5.2. 
Section is applied to identify each VP parameters. The VP parameters are summarized in Table 
4-9. 
 





Strength of Asphalt 
Mixture 











  1  2  N  
vp  
50  1800  135   1.00 0.0024 
 
4.6.5.5. Model validations  
 
Figure 4-25 (a), (b), (c) and (d) demonstrate the model predictions of loading time 0.1, 0.4, 
1.6 and 6.4 sec, respectively.  These figures show that the proposed model has reasonable 
predictions with experimental measurements for different loading time and the model has the 





(a) Loading time=0.1 sec.  
 











































(c) Loading time=1.6 sec. 
 
(d) Loading time=6.4 sec. 
 
Figure 4-25: The comparison between model predictions and experimental measurements for RCRT-CLR and 











































Figure 4-26 is the model prediction results of RCRT-VL.  This figure shows the proposed 
model has appropriate predictions of experimental measurements. 
 
Figure 4-26: The comparison between model predictions and experimental measurements for RCRT-VS. 
 
 
Figure 4-27 is the comparisons of model predictions of VP strain accumulation with 
experimental measurements for RCRT-VS test with different rest periods.  These figures show that 
the proposed model has reasonable agreements with experimental measurements and the model 























(a) Rest time=0.05 sec. 
 










































(c) Rest time=200 sec. 
 
Figure 4-27: The comparison between model predictions and experimental measurements for RCRT-VS considering 
different rest times. 
 
Figure 4-28 is the validation results for RCRT-RVT test and the results also show that a 
























Figure 4-28: The comparison between model predictions and experimental measurements for RCRT-RVT test. 
 
Figure 4-29 is the validation of RCRT-VLT test. This figure illustrates that the model can 

























Figure 4-29: The comparison between model predictions and experimental measurements for RCRT-VLT test. 
 
4.6.5.6. Finite element validation  
Figure 4-30 represents a 2D axisymmetric finite element (FE) representation one of 
NAPMRC test section. The symmetric nature of loading and pavement geometry were taken into 
account while representing the finite element model of the pavement structure. Therefore, only 
half of the portion of the pavement system was generated by constraining the horizontal direction 
on the left vertical edge. An extensive mesh sensitivity analysis was carried out to determine the 
optimum mesh size. At the far right end of the FE model, infinite elements were used for 
computational convenience and to represent realistic lateral boundary conditions. A tire pressure 
of 1.75 MPa corresponding to 254 psi tire pressure, was used. Based on the properties of the tire 
(i.e., contact area) and the speed of applied load, the time required to pass a material point was 
































Figure 4-30: The finite element representation of pavement structure. 
 
To investigate the capabilities of PANDA, the rutting results obtained from the FE 
simulations were compared to the field data from NAPMRC test sections. Figure 4-31 (a) presents 
the plan view of the designed test sections including asphalt concrete type, test temperature, and 
test tire pressure. Figure 4-31 (b) shows the design thicknesses for the asphalt concrete (AC), P-
209 granular base, and P-154 type granular subbase were selected to be 5, 12 and 12 in. (12.7, 30.5 









Figure 4-31: (a) Plan view of the full-scale test sections; (b) Cross-sectional view of the designed test sections (131). 
 
To validate the extracted material properties associated with the NAPMRC test sections, 
the FE simulation for the North part of Lane-3 is evaluated. As shown in Figure 4-32 and Table 
4-10, the FE model predict less rutting compare to the field observations from NAPMRC. This 
difference can be attributed to limitations of the FE representation used for these test sections 
including the facts that 2D instead of 3D simulations were used, shear contact stresses were not 
considered, wander pattern was not considered, and linear material properties were considered for 
the sublayers. The FE model was conducted until the failure of asphalt layer on NAPMRC test 










Rut Depth Rut Depth 
0 0 0.0 
18 4.1 2.9 
48 6.6 4.7 
74 5.8 6.0 
124 10.8 7.8 
186 13.0 9.3 
248 14.4 10.4 
310 16.4 11.8 
372 15.7 13.0 
496 19.6 14.1 
620 22.4 16.9 
 
 
Figure 4-32: The rutting performance comparison of North part of Lane-3 from NAPMRC test section to PANDA 











































Figure 4-33: The rutting performance of North part of Lane-3 from NAPMRC test section by FE model.  
 
4.6.5.6.1. Finite element validation of confinement level 
The confinement pressure induced by the applied load in different elements of asphalt layer 
as indicated in the Figure 4-34 was determined. The confinement pressure varies from 0 to 1200 
kPa due to application of deviatoric stress level, while the second deviatoric invariant varies from 
0 to 430 kPa. As we move forward from the applied load (i.e., left to right) the intensity of 
confinement pressure and second deviatoric stress level are decreases. The initial applied 
confinement pressure is chosen to be 140 kPa, which were estimated because the joint at 
longitudinal direction inclines to be less compacted than the center of the pavement, due to the 
tendency to apply fewer passes at the joints. In addition, the less confinement level at 
unrestricted/unconfined joints and the higher rate of heat loses at those joints reduce the efficiency 
of compaction at those joints compared with the pavement center (212). The confinement within 
an asphalt layer cannot exceed the yield surface, which remains linear on the meridian plane for 
the asphalt concrete materials. The asphalt concrete materials behave more resistible to the applied 
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axial stress and produce less strain magnitude by increasing the confinement level because the 
slippage and change of the aggregate orientation during deformation decrease (88). Therefore, a 
far element from applied load consider as representative of initial confinement pressure of 140 kPa 











































































Figure 4-34: (a) The element locations; (b) The confinement pressure distribution; (c) The changes in confinement 
levels at element No. 1; (d) The second deviatoric invariant at element No. 2, (e) The changes in confinement levels 



























































This study, for the first time, implements a GAs analysis procedure to characterize VP and 
HR viscoplastic properties of asphalt concrete and improve the prediction of the permanent 
deformation under cyclic loading conditions. The developed procedure is capable of determining 
VP and HR viscoplastic properties of asphalt concrete considering the effects of deviatoric, 
confinement, and multi-axial state of stresses. The experimental studies, theoretical developments, 
and data analysis presented in this paper lead to the following results: 
 The proposed GAs procedure along with the dynamic modulus, RCRT-VS, UCSR-
C, and RCRT-CLR can be used effectively to characterize VP and HR viscoplastic 
responses of asphalt concrete materials; 
 Model predictions with the VP and HR viscoplastic analysis procedure by GAs 
show that the proposed procedure significantly improves the accuracy of the model 
parameters of asphalt concrete at high temperatures subjected to cyclic-
compression loading. 
 It should be noted that the proposed GAs analysis procedure of VP and HR 
viscoplastic is general and can be applied to time- and rate-dependent materials 
which show the viscoplastic-softening (or recovery in the hardening level) behavior 
during the unloading and rest period. 
 Comparisons between the characterized VP and HR viscoplastic model and 
experimental measurements illustrate the capabilities of the proposed model and 
GAs characterization procedure in capturing VP and HR viscoplastic response of 
asphalt concrete materials. 
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 Addition of Evotherm-M1 to both types of modified (i.e., PG 76-22) and 
unmodified (i.e., PG 64-22) virgin binders used in FAA’s NAPMRC test sections 
will result in more HR viscoplastic strain. 
 The result is consistent with the traffic tests results conducted by FAA on 
NAPMRC flexible pavement test sections (131), both of WMA and HMA PG 64-
22 test were found to be the worst performing test in terms of resulting in more VP 
and HR viscoplastic strain, which will result in more rutting. The HMA PG 76-22 
performed slightly better than the respective WMA test. 
Finally, the implemented GAs analysis procedure was a promising tool to capture 
constitutive modeling of the VP and HR viscoplastic responses of asphalt concrete materials, time- 














5. Chapter 5: Effect of Evotherm–M1 on Stress-dependent Behavior and Rutting Resistance 
of Modified/Unmodified Asphalt Binders  
5.1. Abstract 
Rheological properties has an important role on understanding fundamental behavior of 
asphalt binders. This paper presents the analysis of laboratory tests conducted at University of 
Kansas (KU) and Texas A&M University (TAMU) for the federal aviation administration’s (FAA) 
modified/unmodified asphalt binders plus Evotherm-M1 additive. All binder samples have been 
prepared for multiple stress creep recovery (MSCR) and strain controlled frequency sweep (FS) 
tests by short-term aged asphalt binder samples using rolling thin film oven (RTFO). The MSCR 
and FS testing performed using dynamic shear rheometer (DSR), along with the extraction of 
master curve of all four types of asphalt binders used in FAA’s national airport pavement and 
materials research center (NAPMRC) test sections. Master curve were extracted to characterize 
phenomenological behavior of asphalt binders under dynamic shear loading in ranges of 
frequency, temperature and strain of interest. In addition, the nonrecoverable creep compliance 
(i.e., nr
J
) and the percentage recovery (i.e., R ) values were calculated at each cycle. The average 
R  and nr
J
values were also calculated at each stress level. The MSCR test results clearly show 
that polymer modified PG 76-22 is more sensitive to Evotherm-M1 additive as compared to 
unmodified PG 64-22. Furthermore, asphalt binder materials used in FAA’s NAPMRC test 
sections can be ranked with respect to their resistance to rutting as: polymer modified PG 76-22, 
polymer modified PG 76-22 plus Evotherm-M1, unmodified PG 64-22, and unmodified PG 64-22 
plus Evotherm-M1. It worth mentioning that the results are consistent with the traffic tests results 
conducted by FAA on NAPMRC flexible pavement test sections (131), both modified and 
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unmodified asphalt binders plus Evotherm-M1 additive test were found to be the less performing 
test compare to virgin modified and unmodified asphalt binders. 
 
5.2. Introduction 
Variety of loads and climate conditions cause various types of distresses on asphalt 
concretes. Permanent deformation on the wheels path, rutting, is one of the common distress 
induced by traffic loadings. Several factors cause permanent deformation of asphalt concretes, one 
of the most important one is reduced viscosity of the binders at high temperatures (213). Different 
types of modifiers were used to enhance resistance of asphalt concretes against rutting by changing 
properties of asphalt binders (214-229) such as styrene-butadienestyrene (SBS) (230; 231), ground 
tire rubber (GTR) (232; 233), and polyphosphoric acid (PPA) (234-236). Considering rutting, 
although an appropriate modifier is the one that helps to recover most of the binder’s deformation, 
but modifiers significantly varied with respect to their impact on the time- and temperature-
dependent behavior of the modified asphalt (237; 238). Polymer modified performance grade (PG) 
76-22 asphalt binders used in this study were modified by SBS, which can increase its stiffness, 
reduce the temperature susceptibility and improve the adhesion and cohesion properties (217; 218; 
239; 240). Asphalt binders reveal stress-dependent behavior, which is significantly affected by the 
amount and type of modifiers (241; 242). This behavior starts linear at low stress level (i.e., about 
100 Pa) and as stress level increases it becomes more non-linear (243; 244). This study aims to 
investigate the effect of Evotherm-M1 on stress-dependent behavior of modified/unmodified 
asphalt binders used in the FAA’s NAPMRC test sections. 
Evotherm-M1 is one of the new products which have been developed with the goal of 
reducing the mixing and compaction temperatures of hot mix asphalt (HMA) without sacrificing 
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the quality of the resulting pavement, from 30 °C to 50 °C lower than conventional HMA. WMA 
is the common term for different technologies (e.g., Evotherm-M1) that allows mixing procedure 
at lower temperatures compare to HMA. WMA technologies were initiated in Europe in 1996, and 
were used in United States afterward in numerous trial road sections (245-248). Although there 
has been limited information about long-term performance of WMA, but using WMA allows 
paving benefits, reduces fuel usage and emission, which result in a better working condition (249-
261). Paving benefits includes improve the compact-ability of mixtures with lower energy 
consumption, overall reduction in air voids, cold-weather paving, long haul distances, higher 
percentage of reclaimed asphalt pavements (RAP), less restriction (more production in non-
attainment areas), and specific pavement rehabilitations (250). However, addition of Evotherm-
M1 may affect the resilient modulus of an asphalt mix or may increase the rutting potential of an 
asphalt mixture. In this study, performance of the Evotherm–M1 as a compaction technology 
additive to modified/unmodified asphalt binders used in FAA’s NAPMRC test sections were 
evaluated. 
To evaluate the performance of modified/unmodified asphalt binders plus Evotherm–M1 
additive, rheological properties should be determined. The relationship between load and 
deformation for viscoelastic materials such as asphalt binders is known as rheological properties. 
These material properties has an important role on selection and evaluation of asphalt layer on 
pavement structure. Different rheological modeling of the asphalt materials have been proposed 
(262-280). Considering dynamic loading, although the nonlinearity of asphalt binders has been 
recognized, effect of strain level has not been considered in modeling (276-281). In this study, 
universal model on a phenomenological basis of modified/unmodified asphalt binders based on 
Christensen-Anderson mathematical model (269) under shear oscillating loading in ranges of 
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frequency, temperature and strain of interest developed by Zeng et al. (162) were used to 
characterize the dynamic properties of asphalt binders and extract master curve. 
 
5.3. Objectives 
The primary objectives of the study presented in this paper are to: 
 Investigate rheological properties and stress-dependent behavior of modified/unmodified 
asphalt binders plus Evotherm–M1 additive. 
 Apply multiple stress creep-recovery (MSCR) tests to study the stress-dependent 
behavior of asphalt binders. 
 Use strain controlled Frequency Sweep (FS) tests to characterize phenomenological 
behavior of asphalt binders under dynamic shear loading in different ranges of interest 
frequencies, temperatures and strains. 
 Evaluate performance of the Evotherm–M1 as a compaction technology additive. 
 Observe the trends regarding the recovery of the accumulated strains. 
 
5.4. Rolling Thin-Film Oven Test Results 
The test data was analyzed for obtaining the change in sample mass corresponding to heat 
in an oven for 85 min at 163 °C (325 °F). In addition, the general relationship of change in sample 
mass obtained. Finally, the standard deviation and acceptable range of two test results are 
determined based on ASTM C 670 (282). Table 5-1 summarize the test results for all four types 




Table 5-1: RTFO test results for all four types of binders used in FAA’s NAPMRC test sections. 
 
5.5. Multiple Stress Creep-Recovery (MSCR) Test Results 
The MSCR test was conducted on RTFO-aged (149; 153) binders according to AASHTO 
T 350 (160), including polymer modified PG 76-22 with/without Evotherm-M1 and unmodified 
PG 64-22 with/without Evotherm-M1 binders. This resulted in four binder types, with two 
replicates (each with standard deviation of less than 10%), amounting to eight acceptable MSCR 
tests. Based on the MSCR test results indicated in Table 5-2, Figure 5-1, Figure 5-2, and Figure 
5-3 the following discussions can be drawn:  
 The MSCR test results clearly show that polymer modified PG 76-22 is more sensitive to 
Evotherm-M1 modification as compared to unmodified PG 64-22. Furthermore, asphalt 
binder materials used in FAA’s NAPMRC test sections can be ranked with respect to their 
resistance to rutting as followed:  
 Polymer modified PG 76-22,  
 Polymer modified PG 76-22 plus Evotherm-M1,  
 Unmodified PG 64-22, and  
 Unmodified PG 64-22 plus Evotherm-M1. 
considering polymer modified PG 76-22 being the most resistant to rutting and unmodified 
PG 64-22 plus Evotherm-M1 being the most susceptible to rutting. 










Mass change of the sample 
as a percentage of the 
original mass
Mass loss
0.0 to 0.1% OK
average 








203.1 202.8 169.7 33.4 99.10180 0.00898 0.00643
205 204.7 172.5 32.5 99.07692 0.00923 0.00644
205.2 204.9 173.9 31.3 99.04153 0.00958 0.00645
203.1 202.8 171.4 31.7 99.05363 0.00946 0.00644
206.8 206.5 174 32.8 99.08537 0.00915 0.00643
206.5 206.2 172.9 33.6 99.10714 0.00893 0.00642
210.8 210.5 176.6 34.2 99.12281 0.00877 0.00642











Unmodified PG 64-22 
plus Evotherm-M1
Polymer modified PG 76-22




 By adding Evotherm-M1 to the modified/unmodified asphalt binders, polymer modified 
PG 76-22 shows an increase of 23% in nr
J
 at 3.2 kPa. However, the nr
J
 at 3.2 kPa for 
unmodified PG 64-22 only increases by 9% with Evotherm-M1 addition. Therefore, it is 
suspected that the difference between rutting performance of polymer modified PG 76-22 
and polymer modified PG 76-22 plus Evotherm-M1 will be more significant as that of 
unmodified PG 64-22 and unmodified PG 64-22 plus Evotherm-M1. 
 Polymer modified PG 76-22 and polymer modified PG 76-22 plus Evotherm-M1 are highly 
nonlinear with respect to the applied stress levels. The percent difference in nr
J
 for 
polymer modified PG 76-22 and polymer modified PG 76-22 plus Evotherm-M1 are much 
higher than that of unmodified PG 64-22 and unmodified PG 64-22 plus Evotherm-M1, 
55% as compared to 17% respectively. Therefore, it is expected that the asphalt mixtures 
made with polymer modified PG 76-22 to be more susceptible to the changes in the stress 
level and tire pressure. 
 Polymer modified PG 76-22 and unmodified PG 64-22 can be characterized as heavy 
binders while polymer modified PG 76-22 plus Evotherm-M1 and unmodified PG 64-22 
plus Evotherm-M1 can be regarded as standard binders. MSCR test results show that nr
J
 
at 3.2 kPa is less than 2 kPa-1 for polymer modified PG 76-22 and unmodified PG 64-22 
binders 1 2nrJ  and is higher than 2 kPa-1 for polymer modified PG 76-22 plus Evotherm-
M1 and unmodified PG 64-22 plus Evotherm-M1. Therefore, the neat binders can be 
graded as heavy binders and Evotherm-additive binders can be graded as standard binders. 
 Polymer modified PG 76-22 with/without Evotherm-M1 binders show higher level of 
elastic response as compared to unmodified PG 64-22 with/without Evotherm-M1. The 
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%R values for polymer modified PG 76-22 with/without Evotherm-M1 are much higher 
than %R for unmodified PG 64-22 with/without Evotherm-M1 (8% as compared to 1% at 
3.2 kPa), which is a clear indication that polymer modified PG 76-22 will show more 
recoverable deformation when subjected to traffic.  
 












0.1 kPa 3.2 kPa 0.1 kPa 3.2 kPa
Unmodified PG 64-22 7.02 0.99 85.94 1.64 1.93 17.65 Probably not modified
Unmodified PG 64-22 
plus Evotherm-M1
6.70 0.76 88.61 1.78 2.10 18.02 Probably modified
Polymer modified PG 76-22 32.87 9.75 70.37 1.24 1.92 55.48 Probably not modified
Polymer modified PG 76-22 
plus Evotherm-M1
29.62 6.89 76.80 1.51 2.37 57.28 Probably modified
Indication that the 
asphalt binder is 
modified:



































Figure 5-1: MSCR 0.1kPa (conditioning cycles are not shown) (a) Polymer modified PG 76-22; (b) Polymer 





















Figure 5-2: MSCR 3.2kPa (a) Polymer modified PG 76-22; (b) Polymer modified PG 76-22 plus Evotherm-M1; (c) 



















Figure 5-3: Jnr vs. percent recovery (at 3.2 kPa). (a) Polymer modified PG 76-22; (b) Polymer modified PG 76-22 
plus Evotherm-M1; (c) Unmodified PG 64-22; (d) Unmodified PG 64-22 plus Evotherm-M1. 
 
5.6. Strain Controlled Frequency Sweep (FS) Test Results 
The test data was analyzed based on the model presented by Zeng et al. (162) to obtain the 
dynamic shear modulus and phase angle of asphalt binder corresponding to variable temperatures 
and frequencies as mentioned before. In addition, the general relationship of change in dynamic 
shear modulus and phase angle obtained. Finally, the percent difference of two test results are 
determined. The percent difference should not pass 10% for 10, 20, and 30 °C test temperatures 
and should not pass 15% for 40, 50, 60, and 70°C test temperatures. Figure 5-4, Figure 5-5, Figure 
5-6, and Figure 5-7 show the dynamic modulus versus frequency for all four types of asphalt 






Figure 5-4: Dynamic modulus vs frequency for unmodified PG 64-22 binder 
 

















































Figure 5-6: Dynamic modulus vs frequency for unmodified PG 64-22 binder plus Evotherm-M1 
 
 


















































The Christensen-Anderson mathematical model (269), which can characterize the 
viscoelastic properties of asphalt binder, was used to construct the master curves of aged binders. 
This model can be expressed as shown in Equation 5-1: 











    








is glassy modulus (assumed 
to be equal to 1 GPa), k  and e
m
 are shape parameters and they are dimensionless, c
f
 is the 
crossover frequency at the defining temperature, and R
f





 is a function of shift factor as shown in Equation 5-2: 
Equation 5-2  
log10 TaRf f   
where 
log Ta is the shift factor as a function of temperature, T is the test temperature (K). The shift 
factor presents the amount of shifting that is required for data obtained at each test temperature to 
be shifted to a reference temperature (i.e., R
T
). Reference temperature is related to the glass 
transition temperature, which represents the temperature dependency of the binder. The Williams-
Landel-Ferry (WLF) equation, expressed as Equation 5-3, accurately describes the shift factor of 
asphalt binders (268; 283). 


















are constant and temperature constant, respectively. The rheological 








) of the Christensen-Anderson model have specific physical 
significance. Table 5-3 shows the values of the rheological parameters of the studied binders at 
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reference temperature, which is arbitrarily chosen 20 °C. The value of the crossover frequency (
cf ) is related to the overall hardness of the binder. As the crossover frequency increases, the 
hardness of the binder decreases. Binders plus Evotherm-M1 show higher values of crossover 
frequency compared to the modified/unmodified virgin binders. In other words, the addition of the 
Evotherm-M1 decrease the hardness of the modified/unmodified virgin binders. While this 
decrease in the hardness will have a negative effect on the behavior of the binder at high 
temperatures (it will decrease the rutting resistance). Similar findings were also reported in the 
previous studies (237; 283). 
 
Table 5-3: Rheological properties of binders used in FAA’s NAPMRC test sections. 
 
Figure 5-8, Figure 5-9, Figure 5-10, and Figure 5-11 present the master curve for all four 
types of asphalt binders used in FAA’s NAPMRC test sections. Figure 5-12 shows the master 
curves for RTFO-aged binders of FAA’s NAPMRC test sections. According to the Figure 5-12, 
dynamic modulus (i.e.,
*G ) could be rank as polymer modified PG 76-22, polymer modified PG 
76-22 plus Evotherm-M1, unmodified PG 64-22, and unmodified PG 64-22 plus Evotherm-M1 at 
low frequencies, which represent the high temperature properties of asphalt concrete. As dynamic 












C1 C2 fc k me TR  
(Hz) (°C)
Unmodified PG 64-22 -15.786 137.610 15.741 0.146 1.119
Unmodified PG 64-22 
plus Evotherm-M1
-15.512 139.200 16.332 0.143 1.138
Polymer modified PG 76-22 -16.119 138.387 947.673 0.194 0.815
Polymer modified PG 76-22 
plus Evotherm-M1





predictive equation (284), which developed between the dynamic modulus and mixture properties 
based on data from more than 200 different asphalt mixes, including a wide range of modified 
asphalts. Considering the same properties for the asphalt concretes: as bitumen viscosity increases 
(i.e., ), asphalt concrete dynamic modulus increases (i.e.,
*G ), which will result in reduction of 
recovered strain. Bitumen viscosity of polymer modified PG 76-22, polymer modified PG 76-22 
plus Evotherm-M1, unmodified PG 64-22, and unmodified PG 64-22 plus Evotherm-M1 are 
1.505, 1.215, 0.430 and 0.423 Pa.s, respectively, which extracted based on AASHTO T316 (285) 
and presented at JMF by FAA. 
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Measured G* at 50C
Measured G* at 60C




Figure 5-9: Master curve for RTFO-aged polymer modified PG 76-22 binder 
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Figure 5-11: Master curve for RTFO-aged polymer modified PG 76-22 binder plus Evotherm-M1 
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Polymer modified PG 76-22  RTFO-aged
Polymer modified PG 76-22  plus Evotherm-M1 according to JMF RTFO-aged
Unmodified PG 64-22 RTFO-aged




This study investigates effect of Evotherm-M1 on rheological properties, stress-dependent 
behavior, and rutting resistance of modified/unmodified asphalt binders used in NAPMRC test 
sections. The proposed experiments were applied to extract master curve, percent recovery, and 
nonrecoverable creep compliance of asphalt binders. The DSR was used to grade the original, 
RTFO-aged and PAV-aged binders based on the conventional PG system. In addition, the DSR 
was used to grade the RTFO-aged binders based on the MSCR and strain controlled FS tests. The 
experimental studies and data analysis presented in this paper lead to the following conclusions: 
 Polymer modified PG 76-22 is more sensitive to Evotherm-M1 additive as 
compared to unmodified PG 64-22. 
 Addition of Evotherm-M1 cause an increase in the rutting potential with decrease 
in mixing and compaction temperatures. 
 Asphalt binder materials used in FAA’s NAPMRC test sections can be ranked with 
respect to their resistance to rutting as followed:  
 Polymer modified PG 76-22,  
 Polymer modified PG 76-22 plus Evotherm-M1,  
 Unmodified PG 64-22, and  
 Unmodified PG 64-22 plus Evotherm-M1. 
the results are consistent with the traffic tests results conducted by FAA on 
NAPMRC flexible pavement test sections (131), both modified and unmodified 
asphalt binders plus Evotherm-M1 additive test were found to be the less 




 Asphalt mixtures made with polymer modified PG 76-22 are more susceptible to 
the changes in the stress level and tire pressure. 
 Modified/unmodified asphalt binders without Evotherm-M1 can be graded as 
heavy binders and Evotherm-M1 additive asphalt binders can be graded as standard 
binders. 
 Polymer modified PG 76-22 with/without Evotherm-M1 will show more 
recoverable deformation when subjected to traffic compare to unmodified PG 64-
22 with/without Evotherm-M1. 
 Considering the same properties for the asphalt concretes: as bitumen viscosity 
increases, asphalt concrete dynamic modulus increases, which will result in 
reduction of recovered strain. 
 Polymer modified PG 76-22 with/without Evotherm-M1 binders show higher level 
of elastic response as compared to unmodified PG 64-22 with/without Evotherm-
M1. 












6. Chapter 6: Conclusions and Future Work 
6.1. Conclusion 
As mentioned in different chapters of this dissertation, flexible pavements clearly show 
time-, rate-, and temperature-dependent responses. This makes extraction of material properties 
associated with the constitutive modeling of these materials very challenging and difficult. 
Therefore, pavement community is reluctant to fully implement this constitutive model due to its 
complicity. This dissertation aims to provide straightforward experimental and analytical 
procedures to characterize coupled viscoelastic, viscoplastic, and hardening-relaxation 
viscoplastic properties of asphalt concrete pavements while maintaining the required level of 
accuracy by incorporating the important factors affecting this mechanism. The proposed 
procedures were applied to extract material properties of asphalt mixtures used in FAA’s 
NAPMRC test sections. Finally, model predictions were compared with experimental 
measurements for validations purposes. The experimental studies, theoretical developments, and 
data analysis presented in this dissertation lead to the following conclusions: 
 PANDA incorporates several material constitutive relationships that define the 
behavior of asphalt mixtures at a wide range of stress and temperature levels; 
 The dynamic modulus and RCRT-VS tests can be used effectively to characterize 
linear and nonlinear viscoelastic responses of asphalt concrete materials as well as 
time-temperature shift factors; 
 The dynamic modulus, RCRT-VS, UCSR-C, and RCRT-CLR can be used 




 The proposed procedure in the chapter 3 along with the dynamic modulus and 
RCRT-VS tests can be used effectively to characterize nonlinear viscoelastic 
responses of asphalt concrete materials; 
 The nonlinear viscoelastic response of asphalt concrete strongly depends on 
confining pressure, deviatoric stress level, and multi-axial state of stresses. 
Therefore, uniaxial tests such as uniaxial creep-recovery tests cannot be used 
accurately to characterize nonlinear viscoelastic properties of asphalt concrete. 
 The nonlinear viscoelastic properties are highly correlated to the triaxiality ratio 
that accounts for confinement pressure, deviatoric stress level, and multi-axial 
stress states; 
 The proposed model for nonlinear viscoelastic properties as a function of triaxiality 
ratio can be used effectively to simulate the nonlinear response of pavements under 
traffic when specific locations in pavement structures are subjected to general 
multi-axial state of stresses. 
 The nonlinear viscoelastic response of asphalt concrete materials can be effectively 
expressed as a function of the triaxiality ratio. 
 The nonlinear parameter 1g   decreases with the increase in triaxiality ratio leading 
to less creep strain either as the confinement level increases or the deviatoric stress 
level decreases.  
 The nonlinear parameter 2g increases with the increase in triaxiality ratio leading 
to higher recovery of viscoelastic strain during rest period as the confinement level 
increases and the deviatoric stress level decreases.  
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 Comparisons between the characterized nonlinear viscoelastic model and 
experimental measurements illustrate the capabilities of the proposed model and 
characterization procedure in capturing nonlinear viscoelastic response of asphalt 
concrete materials. 
 The proposed GAs procedure in the chapter 4 along with the dynamic modulus, 
RCRT-VS, UCSR-C, and RCRT-CLR can be used effectively to characterize VP 
and HR viscoplastic responses of asphalt concrete materials; 
 Model predictions with the VP and HR viscoplastic analysis procedure by GAs 
show that the proposed procedure significantly improves the accuracy of the model 
parameters of asphalt concrete at high temperatures subjected to cyclic-
compression loading. 
 It should be noted that the proposed GAs analysis procedure of VP and HR 
viscoplastic is general and can be applied to time- and rate-dependent materials 
which show the viscoplastic-softening (or recovery in the hardening level) behavior 
during the unloading and rest period. 
 Comparisons between the characterized VP and HR viscoplastic model and 
experimental measurements illustrate the capabilities of the proposed model and 
GAs characterization procedure in capturing VP and HR viscoplastic response of 
asphalt concrete materials. 
 Addition of Evotherm-M1 to both types of modified (i.e., PG 76-22) and 
unmodified (i.e., PG 64-22) virgin binders used in FAA’s NAPMRC test sections 
will result in more HR viscoplastic strain. 
175 
 
 The result is consistent with the traffic tests results conducted by FAA on 
NAPMRC flexible pavement test sections (131), both of WMA and HMA PG 64-
22 test were found to be the worst performing test in terms of resulting in more VP 
and HR viscoplastic strain, which will result in more rutting. The HMA PG 76-22 
performed slightly better than the respective WMA test. 
 The proposed GAs analysis procedure in the chapter 4 was a promising tool to 
capture constitutive modeling of the VP and HR viscoplastic responses of asphalt 
concrete materials, time- and rate-dependent materials, subjected to general loading 
conditions. 
 Polymer modified PG 76-22 is more sensitive to Evotherm-M1 additive as 
compared to unmodified PG 64-22. 
 Addition of Evotherm-M1 cause an increase in the rutting potential with decrease 
in mixing and compaction temperatures. 
 Asphalt binder materials used in FAA’s NAPMRC test sections can be ranked with 
respect to their resistance to rutting as followed:  
 Polymer modified PG 76-22,  
 Polymer modified PG 76-22 plus Evotherm-M1,  
 Unmodified PG 64-22, and  
 Unmodified PG 64-22 plus Evotherm-M1. 
the results are consistent with the traffic tests results conducted by FAA on 
NAPMRC flexible pavement test sections (131), both modified and unmodified 
asphalt binders plus Evotherm-M1 additive test were found to be the less 




 Asphalt mixtures made with polymer modified PG 76-22 are more susceptible to 
the changes in the stress level and tire pressure. 
 Modified/unmodified asphalt binders without Evotherm-M1 can be graded as 
heavy binders and Evotherm-M1 additive asphalt binders can be graded as standard 
binders. 
 Polymer modified PG 76-22 with/without Evotherm-M1 will show more 
recoverable deformation when subjected to traffic compare to unmodified PG 64-
22 with/without Evotherm-M1. 
 Considering the same properties for the asphalt concretes: as bitumen viscosity 
increases, asphalt concrete dynamic modulus increases, which will result in 
reduction of recovered strain. 
 Polymer modified PG 76-22 with/without Evotherm-M1 binders show higher level 
of elastic response as compared to unmodified PG 64-22 with/without Evotherm-
M1. 












6.2. Future Work 
 Comparison the difference of Federal Aviation Administration Rigid and Flexible Iterative 
Elastic Layer Design (FAARFIELD) and Pavement Analysis using Nonlinear Damage 
Approach for Airfield Pavements (PANDA‐AP). 
 Calibration of PANDA‐AP for airfield pavements. This document will provide, in an FAA 
standard format, the test methods required to determine the parameters associated with the 
PANDA‐AP material models. This document can be utilized to systematically analyze the 
laboratory test data in order to extract the PANDA‐AP parameters.  
 Develop straightforward algorithms to characterize material properties associated with the 
aging and moisture induced damage. It is extremely important to include more realistic 
effect of environmental conditions. 
 Introduce innovative and more efficient tests for getting material properties of PANDA‐
AP with applicability to a full range of temperature and loading rate conditions, which may 
be experienced by a pavement during its lifetime. 
 Application of statistical analysis approaches into the constitutive models. It is still in some 
cases difficult to reduce the variability between two similar samples even in experimentally 
controlled laboratory situation.  The experimental measurements show a range for the 
material’s response. Therefore, the constitutive model will be more realistic if it can predict 
a range of response under a specific loading condition. 
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This appendix presents standard methods and required tests according to AASHTO 
standards to characterize mechanical properties of asphalt concrete materials. This standard 
initiated by TAMU researchers during past decade (286). The experimental studies, theoretical 
developments, and data analysis presented in this dissertation led to the modification of the 
nonlinear viscoelastic, viscoplastic, and hardening-relaxation material properties extraction and 
analysis procedure, such that: 
 
Standard Methods and Required Tests for   
 
Calibration of the Pavement Analysis using Nonlinear 
Damage Approach (PANDA) Constitutive Relationships  
 
AASHTO Designation: XX-XX 
 
1. SCOPE 
1.1. This standard covers the test methods required to determine the material parameters 
for the Pavement Analysis using Nonlinear Damage Approach (PANDA) 
constitutive relationships. 
 
1.2. This standard may involve hazardous material, operations, and equipment. This 
standard does not support to address all of the safety concerns associated with its 
use. It is the responsibility of the user of this procedure to establish appropriate 
safety and health practices and determine the applicability of regulatory limitations 
prior use.   
 
2. REFERENCED DOCUMENTS 
2.1. AASHTO Standards: 
 T 342, Determining Dynamic Modulus of Hot Mix Asphalt 
 T 166, Bulk Specific Gravity of Compacted Hot Mix Asphalt Using Saturated 
Surface-Dry Specimens 
 T 209, Theoretical Maximum Specific Gravity and Density of Bituminous 
Paving Mixtures 
 T 269, Percent Air Voids in Compacted Dense and Open Asphalt Mixtures 
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 T 307, Determining the Resilient Modulus of Soils and Aggregate Materials 
 T 312, Preparing and Determining the Density of the Hot Mix Asphalt (HMA) 
Specimens by Means of the Superpave Gyratory Compactor 
 
2.2. ASTM Standards: 
 E 4, Standard Practices for Force Verification of Testing Machines 
 
3. SIGNIFICANCE AND USE 
3.1. The material parameters or constants determined using this standard are used in the 
constitutive relationships of Pavement Analysis using Nonlinear Damage Approach 
(PANDA) in order to predict the performance of asphalt pavements. PANDA 
incorporates several material constitutive relationships to define the behavior 
(viscoelastic, viscoplastic, mechanical damage, fatigue damage, and fracture) of an 
asphalt mixture.  
 
3.2. PANDA is used in asphalt pavement performance analysis. 
 
4. SUMMARY OF TEST METHODS 
4.1. This standard consists of several test methods required to determine the material 
parameters needed for the calibration of different components of PANDA. The 
dynamic modulus test is used to identify the linear viscoelastic parameters and the 
time-temperature shift factors. The repeated creep-recovery test at variable stress 
level (RCRT-VS) conducted at 55oC is used to identify the viscoplastic parameters. 
The repeated creep-recovery test at constant loading and rest times (RCRT-CLR) 
is used to identify the hardening-relaxation viscoplastic parameters. The uniaxial 
constant strain rate test in both compression and tension is used to determine the 
viscodamage parameters. Table 1 summarizes the test methods required to 
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5.1. Dynamic Modulus Test System—The system should be capable of conducting the 
Dynamic Modulus Test at specified temperatures and frequencies in accordance 
with AASHTO Standard T 342.  
 
5.2. Universal Materials Testing System—The machine should be capable of producing 
controlled load in both compression and tension. It shall be equipped with ±22 kN 
(5,000 lb) load cell. The load cell should be calibrated in accordance with ASTM 
E 4. The system shall be fully computer controlled capable of measuring and 
recording the time, load, deformation, and confining pressure.  
 
5.3. Environmental Chamber—The chamber is required to control the temperature of 
the test specimens at the desired temperatures. It should be capable of controlling 
the temperature of the test specimens over a temperature range of -10oC to 55oC. 
The chamber should accommodate the triaxial cell, which is shown schematicallyin 
Figure 1. 
 
5.4. Triaxial Cell—A triaxial is required for applying a confining pressure on the test 
specimens. The cell should stand a working pressure up to 400 kPa (air). The cell 
should accommodate test specimens, with each has the dimensions of 101.6 mm 
diameter by 152.4 mm height. The cell shall facilitate up to three “through-the-




























Figure 1. Schematic View of Typical Triaxial Cell with through-the-wall Radial LVDTs  
 
5.5. Pressure gauge—The pressure inside the triaxial cell shall be monitored using a 
conventional pressure gauge with working pressure of up to 600 kPa and minimum 
accuracy of 0.7kPa.  
 
5.6. Strain Transducers—The axial and radial deformations shall be measured using 
linear variable differential transformers (LVDTs). Three axial LVDTs shall be used 
to measure axial deformation. The LVDTs shall be placed on the test specimens at 
120 degree apart. A schematic view of the test setup with mounted axial LVDTs is 
given in Figure 2. Three LVDTs shall be used to measure the radial deformation at 
the center of the test specimens. Figure 1 shows a tri-axial with “through-the-wall” 
radial LVDTs. The LVDTs shall have a linear range of ±2.50 mm and meet the 
following minimum specifications: linearity, ±0.15 percent of full scale; sensitivity, 
156.43mV/V/mm; and repeatability, ±1 percent of full scale.   
Note 1—The specifications of the LVDTs used in the dynamic modulus test shall 

























101.6 mm  
Figure 2. Schematic View of Test Setup with Mounted Axial LVDTs 
5.7. Loading platens—The loading platens should be made of stainless steel or high-
strength aluminum. The size of the loading platens (104.5±0.5 mm) should be 
slightly larger than diameter of the test specimens. 
 
5.8. Pressurized air supply—A compressed air supply that is capable of supplying clean, 
dry, oil-free air up to 400 kPa 
 
5.9. Calipers—Digital or analog calipers with an accuracy of 0.01 mm. 
 
5.10. Glue—must be able to withstand force applied to the sample by a machine and must 
bond well to the test specimen and loading platens.   
 
5.11. Superpave Gyratory Compactor—A compactor and associated equipment needed 
to compact 152.4-mm diameter and 170-mm height specimens in accordance with 
the AASHTO T 312 Standard. 
 
5.12. Core Drill—A coring machine with a diamond coring bit should be able to cut 
101.6-mm diameter specimens out of 152.4-mm diameter SGC specimens. 
 
5.13. Saw—Single or double saw with diamond cutting edge should be capable of 
trimming 170-mm height SGC specimens to 152.4-mm height specimens. 
 




5.15. Thermometers—A thermometer should be able to measure the temperature of test 
specimens over the range of -10o C to 55o C. 
 
5.16. Latex Membrane—71.1 mm diameter by 0.3mm thick rubber membrane is used 
when confining pressure is required.  
 
5.17. End-Friction Reducer—Greased double latex is placed between the specimen and 
loading platen.  
 
5.18. Other apparatus—other apparatus required to perform the procedures described in 
this document include a recipient for the applied vacuum saturation. 
 
6. HAZARDS 
6.1. Observe and practice standard laboratory safety precautions when preparing, 
handling, and testing hot mix asphalt (HMA) specimens. Caution should be taken 
when applying confining pressure on test specimens. The confining pressure must 
not exceed the limit specified by the manufacturer of the tri-axial cell. 
 
7.  TEST SPECIMENS FABRICATION AND INSTRUMENTATION 
7.1. HMA specimens are prepared in accordance with T 312. A SGC is used to compact 
cylindrical 170±1-mm tall and 152.4±1-mm diameter specimens.  
 
7.2. The SGC specimens are cored to 101.6±1-mm diameter, and trimmed using a 
double or single saw cut to 152.4±1-mm tall. The sides and ends of test specimens 
shall be smooth and parallel. 
 
7.3. The ends of the test specimens should be perpendicular to axis of the specimens. 
Each specimen shall be checked using a machinist’s square.  
 
7.4. The air void content of test specimens shall be determined in accordance with T 
269. A tolerance of 0.5 percent from the target percent air voids is allowed. Any 
specimen that exceeds this tolerance shall be discarded.    
 
7.5. At least two specimens shall be tested at each test condition. 
 
7.6. Three axial LVDTs shall be mounted to the sides of the test specimens at 120 degree 
apart. Figure 2 presents a schematic view of the test setup with mounted axial 
LVDTs. The gauge length of the axial LVDTs shall be 101.6±1 mm. The metal 
studs are mounted at a distance of 25.4 mm from the top and bottom of the test 
specimens. The mounting studs for axial LVDTS should be glued directly to test 
specimens. 
Note 2—Quick setting epoxy and glue accelerator such as E-Z BOND and 




7.7. Three metal studs for the radial LVDTs shall be mounted in the center of the test 
specimens at 120 degree apart and 60 degree from the axial LVDTs. The gauge 
length of the radial LVDTs shall be equal to the radius of the test specimens 
(50.8±0.5 mm). The mounting studs for radial LVDTS should be glued directly to 
test specimens. 
 
7.8. When confining pressure is required, a latex membrane should be stretched over 
the test specimen. O-rings should are used to seal the membrane to the top and 
bottom plates.  
 
8. TEST PROTOCOLS 
8.1. Dynamic Modulus Test According to AASHTO TP-62 
The dynamic modulus test is used to identify the linear viscoelastic parameters and 
time-temperature shift factors. This test is conducted in accordance with the 
AASHTO TP 62. This test is conducted at five different temperatures (−10 °C, 
4.4 °C, 21.1 °C, 37.8 °C, and 54.4 °C) and six loading frequencies (0.1, 0.5, 1.0, 5, 
10, and 25 Hz) at each temperature. A sinusoidal loading is applied and adjusted to 
obtain axial strain between 80 to 110 microstrain. Testing starts from the lowest to 
highest temperature and from highest to lowest frequency. The applied stress and 
recorded strain are used to calculate the dynamic modulus and phase angle.  
 
8.2. Repeated Creep-Recovery Test at Variable Stress Levels (RCRT-VS) 
The repeated creep-recovery test at variable stress level (RCRT-VS) is conducted 
at 55oC to identify the viscoplastic parameters. The test includes six loading blocks. 
Each loading block consists of eight creep-recovery cycles with increasing applied 
deviatoric stress level. The loading and unloading times of each loading cycle 
remain constant through the entire test. The loading time is 0.4 sec while the 
unloading time is 30 sec. The deviatoric stress of the first loading cycle of the first 
loading block is 140 kPa and it increases by a factor of 1.2(n-1); where n is the 
number of loading cycle in a specific loading block; for the next loading cycles 
until the 8th loading cycle. The first deviatoric stress of the subsequent loading 
blocks equals to the third stress level in the previous loading block, and it increases 
by the same factor of 1.2(n-1) for the next loading cycles until the 8th loading cycle 
of that loading block. A confining pressure of 140 kPa is maintained during the 






Figure 3. Applied Deviatoric Stress in the First Three Loading Blocks of the RCRT-VS 
 
 
8.3. Repeated Creep-Recovery Test at Constant Loading and Rest Times 
(RCRT-CLR) 
The creep-recovery test at constant loading and rest times (RCRT-CLR) is 
performed to identify the hardening-relaxation viscoplastic parameters. The RCRT-
CLR consists of repeated creep-recovery loading cycles. The applied confinement 
and deviatoric stresses in the RCRT-CLR test are 140 kPa and 840 kPa, 
respectively. The loading time and rest period of all loading cycles are maintained 
constant throughout the test. A loading time of 0.4 sec and rest periods of 0.4, 1, 
and 5 sec are used. Two specimens are tested at each rest period as given in Table 
1. Figure 4 illustrates a schematic for the RCRT-CLR test. 
 
 
Figure 4. Schematic for loading cycles of the RCRT-CLR 
Note: LT is loading time and RT is rest time 
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8.4. Uniaxial Constant Strain Rate Compression Test 
A constant uniaxial strain rate of 0.021 mm/sec is applied on test specimens in 
compression until failure. This test is conducted at 55oC and two levels of confining 
pressure; 140 kPa and 380 kPa are required. Two specimens are tested at each 
confining level as given in Table 1.  
 
8.5. Uniaxial Constant Strain Rate Tension Test 
This test is conducted in tension at 5oC to determine the viscodamage parameter. 
The test is performed without confining pressure at three different constant strain 
rates of 5 10-6, 1 10-5 , and 5 10-5/sec until failure. Two specimens are tested at 
each strain rate as given in Table 1.  
Note 3: The uniaxial constant strain rate in tension can be performed without using 
the tri-axial cell since no confining pressure is required. In this test the test specimen 
must be glued to the top and bottom plates. The used glue shall be able to withstand 
force applied to the sample by a machine and must bond well to the test specimen 
and loading platens. The J-B WELD steel reinforced epoxy is found to provide 
satisfied adhesion between specimen surface and end plates, and it stands the tensile 
force. A schematic of the test specimen for the uniaxial constant strain rate in 
tension is illustrated in Figure 2.  
 
9. TEST PROCEDURE 
9.1. Attach the mounting metal studs of the radial and axial LVDTs to the test specimens 
as described in Sections 7.6. and 7.7.  
 
9.2. Stretch the rubber membrane over the test specimen described in Section 7.8., and 
fix the fixtures of the LVDTs. 
 
9.3. Place friction reducers between the test specimen and loading platens, and seal the 
rubber membrane to the top and bottom platens using O-rings as discussed in 
Section 7.8. When applying confining pressure, the bottom friction reducer should 
have a hole to allow a passage for specimen’s entrapped air to pass to the 
atmospheric pressure through the base plate as shown in Figure 1.  
 
9.4. Set the temperature of the environmental chamber to the desired test temperature. 
 
9.5. Place the test specimen inside the triaxial cell and adjust the position of the 
specimen so that the loading piston rod is right in the middle of the top loading 
platen as shown in Figure 1.  
 
9.6. Install the axial LVDTs, and ensure that the deformation of each axial LVDT is 
within the calibrated linear range.  
 




9.8. Adjust the through-the-wall radial LVDTs and ensure that the deformation of each 
radial LVDT is within the calibrated linear range.  
 
9.9. Open the pore pressure outlet valve of the triaxial cell (Figure 1). 
 
9.10. Place a dummy specimen inside the environmental chamber and monitor the 
temperature of this specimen. 
 
9.11. Open the software select pre-programmed testing protocol as described in details 
in Section 8.  
Note 4: The dynamic modulus test should be conducted in accordance AASHTO 
TP 62. 
 
9.12. Start the test when the temperature of the dummy specimen reaches the desired 
value. When applying confining pressure, a conditioning period of 2 hours is 
required after applying the required confining pressure and before loading. This 
conditioning time is found sufficient to ensure that the bulk creep occurred before 
loading. 
 
9.13. The RCRT tests are performed until a test specimen fails. 
 
9.14. Perform data quality check on axial deformation measurements. Ensure that the 
average coefficient of variation of the three axial LVDTs readings, throughout the 
test and before test specimen fails, is less than 20 percent.  
 
10. CALIBRATION PROTOCOL FOR PANDA CONSTITUTIVE 
RELATIONSHIPS 
10.1. Calibration of Linear Viscoelastic Constitutive Relationship using Dynamic 
Modulus Test 
This section presents a systematic procedure to identify time-temperature shift 
factors as well as the linear viscoelastic parameters based on dynamic modulus test 
data. 
 
10.1.1   Linear viscoelastic constitutive relationship and its associated parameters 
Schapery’s (287) nonlinear viscoelasticity is implemented in PANDA. The 
nonlinear viscoelastic constitutive relationship can be written as follows: 
 
 


































  is the viscoelastic strain tensor; ij  is the stress tensor; 0D  is the 
instantaneous compliance; D  is the transient compliance; nD  and n  are the 
206 
 
Prony series coefficients;  N  is the number of Prony series; Ta  is the time-
temperature shift factor; and 0g , 1g , and 2g  are the nonlinear viscoelastic 
parameters. For the linear viscoelasticity 0 1 2 1g g g    is assumed. The 
procedure for identification of nonlinear parameters will be presented in the next 
section. Table 2 lists the parameters associated with the linear viscoelastic 
constitutive relationship and their physical significance.  
 
Table 2. List of linear viscoelastic parameters and their physical significance 
Parameter Physical meaning 
T
a  Time-temperature shift factor. Captures the response at different temperatures. 
0
D  Instantaneous compliance. Related to the instantaneous viscoelastic response. 
n
D  thn  Prony series coefficient related to transient compliance.  
n
  thn  Retardation time associated with the thn  transient compliance
n
D . 
N  Number of Prony series to acquire desired accuracy. 9N   is recommended. No 
need to be determined. It should be assumed. 
 
 
10.1.2 Obtaining time-temperature shift factor  
 Dynamic modulus 
*E  and the phase angle   at each frequency and 
temperature are the outputs of the dynamic modulus test. Values of dynamic 
compliance 
*D  is determined, such that: 
 
* *log logD E   (3) 
 A sigmoidal-type function is used to fit the experimental data and to obtain the 
time-temperature shift factors. The sigmoidal function for the complex 











   
 (4) 
where r  is the reduced frequency,   is the maximum value of the dynamic 
compliance,    is the minimum value of the dynamic compliance, and   
and   are parameters describing the shape of the sigmoidal function. Time-




  (5) 
where   is the angular frequency. The term Ta  is the time-temperature shift 
factor at each temperature. Eqs. (4) and (5) introduce 4 ( 1)Tn   unknowns 
which should be determined (      1 2, , , , , 1T T T Ta n a n a n     ); Tn is the 
number of temperatures at which the test is conducted. It should be noted that 
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number of unknown time-temperature shift factors are ( 1)Tn  since Ta  is 
known at the selected reference temperature rT  (i.e.   1T ra T  ). 




























   (8) 
where M  is the number of data points obtained from dynamic modulus test, 
exp
log D  is the experimentally measured compliance, log fitD  is the compliance 
fitted using Eq. (4), log D  is the mean value of the measured compliance. 
 The  4 ( 1)Tn   unknown variables are determined by minimizing the error 
function 2R  using Generalized Reduced Gradient (GRG) algorithm which is 
also available in the excel solver. Initial values for the unknown variables will 
be set in Excel solver by selecting the corresponding cells for each variable. 
The objective cell would be the calculated value of 2R . The sigmoidal function 
parameters and the time-temperature shift factors will be identified by 
minimizing 2R . 
 Excel solver or other optimization algorithms available in other software such 
as Matlab can be used to obtain the 4 ( 1)Tn   parameters. 
 
10.1.3 Identification of Linear Viscoelastic Parameters of PANDA 
 Once the time-temperature shift factors are identified, the linear viscoelastic 
parameters can be identified. 
 Using the experimental data, storage compliance D  and loss compliance D  
can be calculated using the values of the complex compliance and phase angle, 
such that: 
 
* *cos ;       sinD D D D     (9) 
 The loss and storage compliances are related to the Prony series coefficients 
and angular frequencies, such that: 
    
 
0 2 2 2 2
1 1
/
;       








    
   
 
   (10) 
where N  is the number of Prony series coefficients, 0D  is the instantaneous 
compliance, iD  is the 
thi  transient compliance associated with the thi  
retardation time i . 
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                
  (11) 
where M  is the number of data points. fitD  and fitD  are based on Eq. (10) 
while expD  and expD  are calculated experimentally. 
 The linear viscoelastic PANDA model parameters (i.e. Prony series 
coefficients) will be identified by minimizing the error function presented in 
Eq. (11). Eq. (11) can be minimized using excel solver or using other 
commercial software such as Matlab. 
 There is no need to identify N . Based on the desired accuracy, N  can be 
assumed between 5 and 9. 9N   is recommended. 
10.2. Calibration of Nonlinear Viscoelastic PANDA Model Parameters using 
Repeated Creep-Recovery Test at Various Stress levels (RCRT-VS) 
This section outlines the procedure for identification of the nonlinear viscoelastic 
parameters using repeated creep-recovery test at various stress levels (RCRT-VS), 
refer to Masad et al. (288), Rahmani et al. (289), and Bazzaz et al. (210) for more 
details on identification of nonlinear viscoelastic parameters. To accurately 
represent the stress states in the pavements, it is recommended to conduct this test 
at a confinement level of 140-250 kPa. Based on RCRT-VS, three nonlinear 
parameters 0g , 1g , and 2g  should be determined. It is assumed that 0 1g  . The 
viscoelastic nonlinearity will be captured through parameters 1g  and 2g .   Tables 
3 and 4 list the parameters that are fixed and the parameters that should be identified 
along with their physical significances. 
 
Table 3. List of nonlinear viscoelastic parameters that are fixed and can be assumed. No need to 
identify these parameters. 
Parameter Recommended value Physical significance 
0
g  1.0 
Affects the instantaneous response. It is recommended to 
assume 
0
1g   since it is very difficult to measure the 
instantaneous response of asphalt mixtures. The 
nonlinear viscoelastic response will be captured through 
nonlinear parameters 
1
g  and 
2
g Time-temperature shift 
factor. Captures the response at different temperatures 
 
 
Table 4. List of nonlinear viscoelastic parameters that should be identified. 
Parameter Physical meaning 
1
g  
Controls the nonlinearity in the transient compliance. Affects the viscoelastic 
nonlinearity mostly during the loading stages. 
2






10.2.1 Viscoelastic strain decomposition 
  
 To capture the effect of multi-axial state of stresses on nonlinear viscoelastic 
response of asphalt mixes, the total nonlinear viscoelastic strain tensor 
nve
ij
  is 
decomposed into deviatoric strain tensor 
nve
ij









ij ij kk ij
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    

     (14) 
where 
ij
S  are the components of the deviatoric stress tensor and kk  is the 
volumetric stress. 
 
 Shear and bulk instantaneous (i.e. 0J  and 0B ) and transient (i.e. J  and B )  
compliances are calculated based on the identified linear viscoelastic 
parameters and using the following equations: 
        0 02 1 ;       2 1J D J D          (15) 
        0 03 1 2 ;       3 1 2B D B D          (16) 
 
 Assume the Poisson’s ratio to be 0.35, 0.35  . 
 Deviatoric and volumetric components of the stress for RCRT-VS under 
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10.2.2  Parameter 0g  




10.2.3 Parameter 2g  
Figure 5 schematically represents the strain response during a cycle of RCRT-
VS test.  
 
Figure 5. Schematic representation of the strain response during a cycle of RCRT-VS test. 
 
 Select an arbitrary point during the recovery (e.g. 0t ). It is recommended to 
assume 0t  such that 0 at t  is 
1
40
 of the rest period. 
 Calculate the recovered strain r  for every point after 0t  during the rest 
period. r  can easily be calculated using experimental data, such that: 
        , ,0 11 0 11 0 11 11( ) ( )
Exp total r total r NVE vp NVE vp
r t t t t t t                    (18) 
 Using Eqs. (13)-(17) and assuming that the viscoelastic response under pure 
confinement to be linear (i.e. 
   11 0 11
vp vpt t 
) yields the following relations for 
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  
       
   
             
   
  (19) 
 
Eq. (19) shows that the only unknown to analytically calculate viscoelastic 
strain is 2g . 
  Calculate 2g  by minimizing the error between experimental measurements (i.e. 
Eq. (18)) and model predictions (i.e. Eq. (19)) for viscoelastic recovery strain 
(i.e., 
Exp




10.2.4 Parameter 1g  
Once the parameter 2g  is defined, the parameter 1g  can be identified as follows: 
 
 Calculate the total recovered viscoelastic strain Exp
rd  at any time 
t  during the 
rest period based on the experimental measurements.  The term Exp
rd  is the 
difference between the total strain a tat before the end of the loading and the 
strain at an arbitrary point during the rest period, as proposed in Eq. (20), see 
Figure 5. 
    11 11 ;Exp total totalrd a a bt t t t t                (20) 
 
 Calculate 
rd  using the nonlinear viscoelastic constitutive relationship, such 
that: 
 
   
       
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            
   
 (21) 
 
 Identify 1g  by minimizing the error between the experimentally measured 
(i.e. Eq. (20)) and calculated values (i.e. Eq. (21)) of
rd . 
  
10.3. Calibration of Viscoplastic PANDA Model using Repeated Creep-Recovery 
Test at Various Stress levels (RCRT-VS) 
 
10.3.1 Viscoplastic constitutive relationship and its associated parameters 
Perzyna’s (290) viscoplastic constitutive relationship with modified Drucker-
Prager yield surface has been implemented in PANDA. The viscoplastic flow rule 





;       
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  is the viscoplastic strain tensor, vp  is the viscoplastic multiplier, N  is 
the viscoplastic rate-sensitivity exponent parameter,  is the Macaulay brackets 
defined by   / 2    , and 0y  is a yield stress quantity which is used to 
normalized the yield surface and can be assumed as unity.  Functions f  and F  are 
yield surface and plastic potential functions, respectively, such that: 
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   
 (23) 
where   and   are the pressure-sensitivity material parameters; 1 kkI   is the 










J S S S  are second and third deviatoric stress invariants, respectively; vpd  
is the parameter that distinguishes the viscoplastic responses during extension and 
contraction mode of loadings; and   is the hardening function expressed as: 














             
 (24) 
where p  is the effective viscoplastic strain. 
 
10.3.2 Assumed Viscoplastic parameters 
Several of viscoplastic parameters are assumed because they do not vary 
significantly from one asphalt mixture to the other and can be assumed constant 
with reasonable accuracy. These parameters, their physical meaning and the 
recommended values are listed in Table 5, please refer to Huang (126), Abu Al-
Rub et al. (209), and Darabi et al. (70) for more details on the identification of 
viscoplastic parameters. 
 
Table 5. List of viscoplastic parameters that are fixed and can be assumed. No need to identify 
these parameters. 
Parameter Recommended value Physical significance 
  0.15-0.3 Related to the angle of friction of the asphalt mixtures. 
  0.05   Related to the angle of friction and the dilation 
characteristics of asphalt mixtures. 
vpd  0.78 Ratio of yield strength in tension to that in compression. 
Fixed for most asphalt mixes.  
0
y







10.3.3 Extraction of viscoplastic strain during the creep part of RCRT-VS 
 
 Use Eq. (1) to calculate the viscoelastic strain response during the loading stage 
of RCRT-VS once linear and nonlinear viscoelastic parameters are identified.  
 Subtract the viscoelastic strain from the total strain to obtain the viscoplastic 
strain response during the creep part of RCRT-VS. 
 Figure 6 schematically illustrates the extraction of the viscoelastic and 
viscoplastic strain responses from the total measured strain. The viscoplastic 
parameters will be identified by analyzing the extracted viscoplastic strain 
response. 
 
Figure 6. Schematic illustration of the extraction of the viscoelastic and viscoplastic components 
of the strain.  
 
10.3.4 Identification of viscoplastic parameters  
 
 Calculate effective viscoplastic strain 
Expp  using extracted a (i.e. 1
vp and 2
vp ) 
, such that: 
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 (25) 
 If the radial viscoplastic strain measurements are not available, Eq. (26)  may 
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vp using the extracted axial viscoplastic strain 1
vp , such that: 
  1 / 1 / 3
vp vp        (28) 
 
 Pick values for 
vp  at different stress levels of RCRT-VS test at constant t  
(i.e., approximately 0.05s), the recommended time intervals are 0.05, 0.1, 0.15, 
0.2, 0.25, 0.3, 0.35, and 0.4 second. Rearrange Eq. (27) to calculate
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 The parameters 0 , 1 , 2 , N , and 
h r are unknowns in Eq. (29), which can 
be extracted by minimizing the error, i.e. Eq. (30), between the experiments, 












   
   
        (30) 
 
 Genetic Algorithm maintains a population of candidate solutions for the 
problem in hand, and makes it evolve by iteratively applying a set of stochastic 
operators. Stochastic operators include selection, recombination, and mutation. 
Selection replicates the most successful solutions found in a population at a rate 
proportional to their relative quality. Recombination decomposes two distinct 
solutions and then randomly mixes their parts to form novel solutions. Mutation 
randomly perturbs a candidate solution. Table 6 illustrates Genetic Algorithms 






















Initial yield strength. It has a very low value at 
high temperatures. Does not affect the results 
very much. It have a small value between 40-
150kPa for most asphalt mixtures. 
K1 
The hardening limit of asphalt mixtures against 
viscoplastic deformation. It is in the order of 
compressive strength of asphalt mixtures at 40oC 
(Saturated Yield Stress (K0+K1)) 
K2 Visco-plastic Parameter (Strain Hardening Rate) 
N 
Visco-plastic Rate-sensitivity Exponent 
Parameter 
Г Gama (Visco-plastic Fluidity Parameter) 
Feasible 
solutions 
Individuals living in that environment 
K0 40-150 (kPa) 
K1 0-(Saturated Yield Stress minus K0) (kPa) 
K2 0-100 
N 0-5 









A set of 
feasible 
solutions 
A population of organisms 




Selection, recombination and mutation 





set of  
stochastic 
operators 
on a set of 
feasible 
solutions 
Evolution of populations to suit their 
environment 








10.4. Calibration of Hardening-Relaxation Viscoplastic PANDA Model using 
Repeated Creep-Recovery Test at Constant Loading and Rest times (RCRT-
CLR) 
 
10.4.1. Hardening-relaxation constitutive relationship and its associated parameters 
When subjected to cyclic creep loading with rest periods between the loading 
cycles, the viscoplastic behavior of asphalt concrete materials changes such that the 
rate of accumulation of the viscoplastic strain at the beginning of  a loading cycle 
increases comparing to that at the end of the preceding loading cycle. This 
phenomenon is referred to as the hardening-relaxation and is a key element in 
predicting the permanent deformation (rutting) of asphalt pavements. The 
hardening relaxation phenomenon is modeled using the hardening-relaxation 
memory concept (68). To model the hardening-relaxation, static and dynamic 
hardening-relaxation memory surfaces are defines as: 
 0















h rf   and 
h r   are static and dynamic hardening-relaxation memory 
surfaces,  respectively. The term 
vpq  is the hardening-relaxation internal state 
variable that memorizes the maximum experienced viscoplastic strain for which the 
hardening-relaxation has occurred while p  is the effective viscoplastic strain. 
Parameters h r  and 1S  are hardening-relaxation parameters. The rate of relaxation 
in the hardening parameter is calculated, such that: 
 1 2
vpS q    (32) 
where 2S  is another parameter associated with the hardening-relaxation 
constitutive relationship. Table 7 lists the parameters associated with the hardening-
relaxation constitutive relationship and their physical significance. Repeated creep-
recovery test at constant loading and rest times (RCRT-CLR) will be used to 





Table 7. List of hardening-relaxation viscoplastic parameters. 
Parameter Physical meaning 
h r  Hardening-relaxation fluidity parameter controlling the rate of evolution of the 
hardening-relaxation state variable. 
1
S  Hardening-relaxation exponent controlling the time-dependency of the hardening-
relaxation state variable. 
2
S  Hardening-relaxation parameter controlling the rate at which the hardening 
parameter relaxes.  
  
10.4.2. Identification of hardening-relaxation parameters  
 
Figure 7 schematically shows the evolution of the effective viscoplastic strain p  
and the hardening-relaxation state variable 
vpq  during a cycle of RCRT-CLR.  
 
 From the experimental measurements, calculate the rate of the effective 
viscoplastic strain during different loading cycles using Eq. (33): 









 To simplify Eqs. (22) and (23) at times 1t  and 2t  two constant part of those 
equation at any loading cycle are presented as A  and B  (i.e., Equations (34) 





















  (35) 
 
 Then, by following Eqs. (36) and (37), the hardening parameter 1  at the end 
of loading and at the end of the rest period could be obtained, such that: 
            1 1 1 1 2 1 2 2;       









1 1 1 2
1 2
1 1
;       
N N
h r h r
p t p t
t A t A
B t B t
 
 
      
         






Figure 7. Schematic representation of the loading and unloading stages, the evolution of the total strain, 
the nonlinear viscoelastic strain, the effective viscoplastic strain, the hardening-relaxation viscoplastic 
internal state variable, and viscoplastic multiplier function during RCRT-CLR. 
 
 Plot  1 1t  and  1 2t  versus the accumulative resting time t  for the all 
RCRT-CLR tests. 











   (38) 
 As presented in Figure 8, if enough rest period (i.e., at least three times of 
loading time) is given to asphalt concrete mixture, the hardening-relaxation 
viscoplastic internal state variable (i.e.,
vpq ) will evolve to the maximum 
possible value to become the effective viscoplastic strain (i.e., p ). Therefore, 
pick the average values of two replicates during 5 s rest period test of RCRT-
CLR for p at the end of the first rest period as the hardening-relaxation 















Figure 8. Schematic representation of the loading and unloading stage, the evolution of the total strain, 
the nonlinear viscoelastic strain, the effective viscoplastic strain, and the hardening-relaxation viscoplastic 
internal state variable during a cycle of RCRT-CLR with 5 s rest period. 
 
 Calculate  vpq t  using Eq. (32) once 2S  is known based on Eq. (39) by 
following Eqs. (40) and (41), such that: 
    1 1 1









    (41) 




vpq , and p  for all cycles of RCRT-CLR tests from 
experimental measurements Eq. (41) and model prediction Eq. (42).  
    vp vpq t q t   (42) 
 Manipulate Eq. (31), such that: 
   1
vp
S
h r vpq p q
t










vpp q  in log-log scale for all available data.  
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-  vpp q curve with Y-axis and 1S  
as the slope of the fitted line using the following equation: 
    1
vp
h r vpqLn Ln S Ln p q
t
      
 
 (44) 
  and  could be identified by minimizing the error between left and right 
hand side of  Equation (44) by using Equation (45) and Genetic Algorithms: 
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  (45) 
 
10.5. Calibration of Viscodamage PANDA Model using Uniaxial Constant Strain 
Rate Tests 
 
10.5.1. Viscodamage constitutive relationship and its associated parameters 
The viscoelastic-viscoplastic constitutive relationships are coupled with damage 
within the context of continuum damage mechanics using the damage density 
variable  , such that: 
  1ij ij     (46) 
where ij  is the stress tensor in the nominal configuration which is identical to the 
experimentally measured stresses while ij  is the true stress tensor in the 
undamaged configuration which is the resulting stress if the damage density   is 
assumed to be zero. The evolution function for damage density is expressed as 
(291): 
   1
0








      
 
     
 
 (47) 
where   Y  is the damage force and eff  is the total effective strain. The term 0Y  is 
the reference damage force which is used for dimensional consistency and can be 
assumed to be unity. 
 
Table 8 lists the parameters associated with the viscodamage evolution function 











Table 8. List of viscodamage parameters that should be identified. 
Parameter Physical meaning 
vd  Viscodamage fluidity parameter controlling the rate of damage evolution. 
q  Stress sensitivity parameter. Controls the effect of stress level on damage 
evolution and growth. 
k  Strain sensitivity parameter. Controls the effect of total strain level on damage 
evolution and growth. 
 
10.5.2. Calculation of damage density during uniaxial constant strain rate test 
The first step in calibrating the damage evolution function is to calculate the 
damage density variable during the uniaxial constant strain rate test. The constant 
strain rate test should be conducted at minimum of three strain rates at low 
temperatures (e.g. 5oC). 
 
 Select the constant strain rate tests at a low temperature (5oC is recommended) 
where the viscoplastic strain can be neglected. The strain input for constant 
strain rate test can be expressed as: 
  t Ct   (48) 
 where C  is the strain rate. 
 Calculate the induced stress in the undamaged configuration, such that: 
    
0
t
t C E d     (49) 
where  E t  is the relaxation modulus which is known from the dynamic modulus 
test.  
 Calculate the damage density using the calculated stress in the undamaged 











   (50) 
 Calculate the rate of the damage density using the calculated damage density, 
such that: 
 








10.5.3. Identification of q  parameter 
 Select four arbitrary strain levels. 
 
 Plot 0/Y Y  versus rate of the damage density at different strain rates for each 
selected strain level in logarithmic scale. 




(a)                                                                  (b) 
Figure 8. Schematic presentation of: (a) Rate of the damage density versus the effective strain 
plotted at different strain rates for the uniaxial constant strain rate tests; (b) Plot of the damage 
density rate versus the normalized effective damage force which is used to identify q . 
 
 Calculate the slope of the fitted lines in the 0/Y Y  versus   plot at each strain 
level. 
 The parameter q  is the average of the measured slopes. 
 
10.5.4. Identification of k  parameter 
 Select four arbitrary calculated stress levels at undamaged configuration,  . 
 Calculate  0/Y Y  for each selected stress level. 
 Plot eff  versus rate of the damage density at different stress levels in 
logarithmic scale. 









































































Figure 9. Schematic presentation of: (a) Rate of the damage density versus the dimensionless 
effective damage force (i.e. 0/Y Y ) plotted at different strain rates for the uniaxial constant strain 
rate tests; (b) Plot of the damage density rate versus the effective strain which will is used to 
identify k . 
 
 Calculate the slope of the fitted lines in the eff  versus   plot at each strain 
level. 
 The parameter k  is the average of the measured slope. 
 
10.5.5. Identification of vd   
 
 Select the data points used to identify q  and k . 









 and  effkLn   once q  and k  are identified. 
 Record rate of the damage density for the selected data points. 
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